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PREFACE

The primary cbjective of this report is to provide information on the contributions
to the technology of plastic and elastomeric foam materials derived from NASA
research and development programs. Much of the material for the text was obtained
from programs on materials and structures for NASA vehicles and equipment. The
discussions include related technology developed in U.S. Air Forcz and Navy
programs. The limitations and trends in utilization of foam materials in space flight
systems are emphasized. Wherever possible, tke reader is directed to additional
material in the open literature.

Emphasis is on the actual or proposed ase of foam materials in structures and
equipment for vehicles and satellites in NASA's manned and unmanned programs. The
applications of these materials in mechanical. thermal, and electrical systems are
described in relation to design concepts and requirements as well ss to the chemical
and processing factors. To the exteat that information was available, subject matter
is correlated with a specific area of technology. This task was an extensive one in
view of the numerous functions and environments for which foam materials have been
applied. Advances being made ‘n several current NASA programs on thermal protec-
tion have been included for the sake of 2 more complete presentation of the state-of-
thefart.

This report was prepared by Nor’ arop Systems Laboratories, of Northrop
Nortronics, a division of Northre¢p C..rporation, under Contract NAS 7-430, with the
Office of Technology Utilization, Nutional Aeronautics and Space Administration,
Washington, D.C. This information was collected and the report written in the period
between 27 October 1965 and 10 August 1966, by B. Arden of the Space Materials
Laboratory. Other Northrop irlividu:ls who contributed to the generation of this re-
port are: Dr. Sunder Advani ard H. ! . Roth of the Biodynamics Laboratory; and Dr.
Roger Heitz, Jeanne Adams, arvl Dr. A. T. Stewart, Jr., of the Space Materials
Laboratory. Acknowledgment is made to Carrol C. Sachs of Admerco, Inc., Van
Nuys, Calif., for a critical review of the reports on cryogenic insulation and to Dr.
R. D. Johnson, Northrop Systems Laboratories for technical direction. Much of the
information presented in this report was obtained through the helpful assistance of
technical perconnel and Technology Utilization Oifices at the various NASA Research
Centers, as well as individuals employed by NASA contractors. Special appreciation
is extended to Leonard S. Sauer and Wallis M. Tener of NASA's Technology Utilization
Office at Jet Propulsion Laboratory, and to Susan Crowe, Librarian at Northrop
Systems Laboratories, for their ded'icated efforts in locating and obtaining source
materials for this report.
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Chapter I

FOAM TECHNOLOGY

TERSPECTIVE

Applications of plastic and elastomeric foams in the NASA's space programs are
highly diversified. Mazierials research and materials engineering by NASA on foamed
products have exerted a major influence on the design and development of structures
and components iu many areas of technology. Many of the advances have been the re-
sult of effective utilization of an increasing number of base polymers and formulations
developed by industry. Progress has been made in formulation, processing techniques,
construction of reinforced and composite structures, unique designs, testing methods,
measurement of properties and performance reliability.

Foam materials are used in space for many different purposes and under environ-
mental conditions of vacuum, temperature, radiation, gravity, and induced environ-
ments. The selection of a foam material with defined mechanical and physical proper-
ties is ultimately dependent on compatibility with the environments in which it will
exist or function. Because environmental interfaces and constraints influence the be-
havior and use of these materials, the information in this survey is organized accord-
ing to the interrelationships which exist between the foam materials, their function and
the expected environment.

Most areas of NASA technology for which foam materials have been extensively
investigated fall in the following categories:

(1) Structural components—for cavity filling, space shelters and expandable
structures, self-sealing and survival equipment.

(2) Ablative materials—composite structures used as thermal protection for re-
entry systems.

(3) Cryogenic insulation—insulation structures for cryogenic propellants.

(4) Electrical encapsulation—for low voltage and intermediate high voltage
circuits.

(5) Human factors—man-vehicle-environment interfaces, involving personnel
protection against hazards of the force enviroaments and the toxicology potential of
space cabins.

These categories form the basis for the classification and presentation of the technology
data obtained during this survey.




CHEMICAL CLASSES

Foamed plastics and elastomers are polymeric materials derived from resins
that have been expanded in volume by means of gaseous blowing agents. This
results in a cellular structure, achieved by 2 combination of polymerization reactions
and foaraing, the latter being due either to the chemical release of blowing agents or
the physical addition of inert low boiling point liquids, such as fluorocarbons.

The most commonly used chemical classes of materials for producing foans
are the polyurethane, polystyrene, epoxy, silicone, viny!, phenolic, and polyolefin
resins. In the work reported in this survey, the most widely used have been the
polyurethanes, followed by the silicones.

The resins employed for producing foams may be either thermoplastic or
thermosetting, depending on their polymer structure. In the foaming of the thermo-
plastic resins {e.g., polystyrene, polyvinyl, and polyolefin), the polymer structure
remains unchanged during the foaming process. In the case of thermosetting resins
(e.g., polyurethane, epoxy, silicone, and phenolic), foaming occurs along with the
polymerization reaction.

Except in the case of foams blown with fluorocarbons, ‘.e polyurethane foams
are derived by the same chemical reaction to achieve both polymerization and gas
evolution. The principal steps in their preparaticn are: (a) prepolymer preparation,
and (b) foaming and curing. The prepolymer is usually prepared from a hi, h-
molecular-weight di- or poly-hydroxy compound and a diisocyanate; e.g., toluene
diisocyanate (TDI). The polyhydroxy compound may be a polyether, a polyester or a
glycol derivative. Other diisocyanates, such as PAPI (polymethylene polyphenyl
isocyanate) or MDI ( .eta-4,4'-diphenyl methane diisocyanate) may replace the TDI
in order to obtain special properties for the polyurethane polymer.

The prepolymer is prepared according to Reaction 1, shown in the following
figure. Some  or iriisocyanate may also be included as a cross-linking agent
as in the prepar.. . of rigid foams.

The prepolymer, often mixed with further diisocyanate, is then reacted with
water in the presence of a suitable catalyst and a foam stabilizer (e.g., a silicone)
according tc Reaction 2.

CHj
2 OCNONCO + HO Ry OH —

(1)
H;C 0o o)

il il
OCNON-C—O R, O—C-NQNCO

H H
Rz NCO + H20 + OCN R3 —
(2)

0
Ry-N-C-N-R; + CO,
H H



In Reaction 1 chain extension occurs and in Reaction 2 carbon dioxide is generated
which blows the entire reaction mass into a foam, which solidifies in several
minutes.

The chemical identification of the polymers, catalysts, or blowing agents in
many foam systems reported in this survey has not been Jossible because of their
propirietary nature. This has not significantly diminished their usefulness. How-
ever, for evaluating the mechanism of polymer breakdown, either thermally or
through oxidation, a knowledge of the chemical species of the polymer is valuable.

Special Classes of Prepolymers

In an investigation conducted to develop closed cell halocarbon plastic foams for
use as structural materials at cryogenic temperatures, polyurethanes were synthe-
sized.! One material prepared was octafluorobiphenylene diisocyanate. A prepoly-
mer could not readily be formed by reacting the fluorinated diisocyanate with a fluori-
nated alcohol even after several days at 200°C. Thus an autogeneous joaming-in-place
system of this chemical type was ruled out.

Other investigations for cryogenic applications were made to produce foams with
closed cell structures at a nominal density of 4 lbs/ft®, capable of developing mexi-
mum physical and thermal properties in large single pour masses of 150 ponnds
without a post-cure. The formulation giving tiie highest strength was Freon blown
and based on LS-490%/TDI prepolymer (100 parts /320 parts), utilizing Quadrol*¥*as
the cross-linking resin.? A material with this formula at 4.2 Ibs/ft? density had a
compressive strength of 112 psi. The utility of the system is somewhat limited be-
cause of the fast foamr time.

PHYSICAL ASPECTS OF FOAMS

Open- and Closed-Cell Foams

The term "cellular materials' has occasionally been applied to closed-cell
foams, but it seems preferable to adopt the commonly used term "unicellular' for
thig type of foam structure. Unicellular or closed cell foams are those which are
composed of a cellular structure containing blowing gas within the cell wall mem-
branes of either a flexible or rigid polymer. In open-cell foams, the cells are inter-
connecting and the gas phase is continuous. This vpen structure results fro:: the es-
cape of the gas expanding in the foaming process.

Although the definitions of "open' and "clored" cells is clear enough, tne classi-
fication of foam materials does not always fall neatly into any one category. Fcams
are commonly designated as open, semi-closed or closed structures. For these

IReferences are listed at the end of each chapter.
#1.S-490 - Sorbitol propylene oxide (Union Carbide Chemicals Co.).
**Quadrol - N,N,N', N'-tetrakis (2-hydroxylpropyl) ethylene diamine (Wyandotte
Chemicals).



types, as an appro> aation, the "closed™ foams may have from 0 to 20 percent open
cells; and the "semi-closed"” foams may have ranges in between this and 100 percent
but more often an approximately equal division of open and closad cells. These
structural aspects have an important bearing on the wide range of foam properties
and thus contribute to the extensive uses of foams.

Syntactic Foams

The syntactic foams form a special case of closed-cell foams. This type of foam
system consists of a cured resin as a continuous phase in combination wiih hollow
microspheres which provide the cell structure and function as a density reducing
agent. Microspheres are usually made from phenolic resin, glass, or silica, and
are often called "microballoons. "

Depanding on the loading of the microspbere fillers in the formula, the light-
weight syntactics have generally been prepared for various uses ir the specific
gravity range of 0.4 to 0. 8. The syatactic foams find important uses in electricsai,
thermal and ablative applications.

Rigid and Flexible Foams

Foams are alsc classified on the basis of flexibility or rigidity. Gross changes
occur in going from flexible to rigid foams, this property being dependeut primarily
on the polymers used. Intermediate variations exist, such as the so-called semi-
rigid foams. Within each category, variations in properties ".an be schieved, even
for a specific formulation, by varving the density by adjusting the process technique
for molding or casting.

Rigid or flexible foams may be specified mechanically.! For example, rigid
foams generally have low extension in tension (~ less than 10%) and poor recovery
after 75 percent deflcction in compression. Flexible foams exhibit high elongation in
tension (> 100%) and excellent recovery after 75 percent deflection. Most test meth-
ods have been developed according to whether the foam is classified as being rigid or
flexible. A differentiation between the two types is readily evident from diagrams
showing the stress-strain relationships, compressive strength and hysteresis {or
resiliency) properties.

Becaus< of the versatility of the polyurethane foams, this class of polymeric
materials is particularly useful in illustrating a wide range of structural variations
in a foam. The flexible polyurethanes of interest are usuzlly in the range of 1 to 6
lbs/ft’, when made by a one-shot process. For CO,-blown systems, densities
greater than 4 Ibs/ft® are difficult to obtain. On the other hand, high density, flexible
foams, ranging from about 2 to 10 lbs/ft’, are achievable by foaming-in-place, using
a two-component prepolymer/catalyst system in closed molds. The degree of open-
cell structure carn  minish as density is increased in this manner.

In t(he effort to obtain sne~ * nyuj.arties, much interest has been shown in ob-
taining an cpen-cel! rigi# . -~ .. 2 «xample of such a material is the special formu-
1a developed by Mok v - -y a process of rupturing the cell walls by using a



special chemical formulation.? Such a rigid structural foam was desired during the
development of external insulation for cryogenic tankage in order to avoid the out-
gassing charactevistics of a ciosed-cell rigid foam in a hard vacuum.

At the other extreme, the closed cell flexibles are not very common, especially
at the lower densities which are generally desired. Closed-cell, flexible vinyl
foams over a range of densities have been prepared by processing under high pres-
sures of the order of 1000 psi.

An unusual current development is a low pressure process for producing a
practically 100-percent-clcsed-cell, flexible vinyl foam in the density range of 7 to
10 1bs /ft3 (at 1 atmosphere).® This advance of the art resulted from an investigation
of a closzd-cell flexible foam required for integration into a partial pressure suit.
The suit is required to fit the human body with sufficient intimacy so as to limit
adequately the "swelling of the body" when exposed to a vacuum environment. This
foam has successfully retained the gas within the cells after repeated cycling in a
vacuum.

Processing Methods

The flexible foams are usuzlly prepared by cutting to the required size from slab
or sheet stock made in a one-shot process by the foam producer. Rigid foams are
also obtained as board or sheet stock or molded shapes. The rigid foams are proc-
essed at the user's facility by casting or molding techniques to prepare molded sec-
tions or preforms, or to foam directly to the configuration of a component or assem-
bly. In some instances, flexible foams, usually in the higher density range, are
prepared by a molding process. Molding of the foam under controlled pressure and
temperature conditions essentially comprises the foam-in-place method of foaming.

Depending on the fabrication and application requirements, the mold may be
either a separable mold or integral with the foam. The advantage of the foam-in-
place process is that the foam is capable of making a good adhesive bond to the sur-
faces it contacts, as well as producing intricate shapes. One limitation in c. ~ting
or molding large shapes by this method is the possible heat distortion due to the
large heat release in polymerizing a large resin mass. A swudy is now in progress
under NASA contract (Lewis Research Center)! to achieve the foaming-in-place of
4-inch by 5-inch by 10-inch test specimens to evaluate foams for use in embedding
high voltage networks to be exposed to vacuum for long periods of time.

Because of the nature of the foaming process, foams usually display anisotropy;
that is, a directional dependence cf properties. Density, hence properties, vary in
a direction parallel to the maximum foam rise. For this reason, the direction of
applied stress must be specified in the measurement of properties.

Composite Forms

Foam materials are used to a great extent in composite forms for structural,
cryogenic, and ablative applications for which improved or special properties are
needed to withstand the mechanical and thermal stresses involved. Material combina-
tions for the composite forms reported in this survey may be classified in the follow-
ing manner.



A. Filied Systems Examples

1. Foam/Inorganic Filler Asbestos in silicone foam (General
Electric - ESM1004 heat shield
material)

2. Foam/Metal Filler Aluininum flake in polyurethane

foam (Goodyear Aerospace)® -
opacifying media to internal IR

B. Reinforced Systems

1. Foam/Fiberglass Yarn "3-D" Foam {Douglas M&S Division)
-cryogenic insulation for Saturn
IV-Bvehicle
2. Foam/Phenolic-Fiberglass PAPI foam/HRP honeycomb (North
Honeycomb Amcrican Aviation) - thermal in-

sulation for Satura-S-II vehicle

C. Laminate Systems

1. Foam/Metal Foil or Sheet 1.5, 8.0 or 16.0 mil aluminum-
foam combination (G. T. Schjeldahl)
- Pegasus detector panel

2. Foam/Fabric or Plastic Mylar/Foam/Mylar (Goodyear Aero-

space) - sealed insulation

3. Flexible Foam/Rigid Foam Sandwich foam for micrometeorite
detector panels (G. T. Schjeldahl)

- Pegasus

PROPERTIES OF FOAM MATERIALS

Because of the numerous chemical classes and physical forms, cellular plastics
and elastomers have a wide range of properties. Standard test metheds for measur-
ing the properties of foam materials have been developed by the Cellular Plastics
Division of the Society of the Plastics Industry and various working groups in the
American Society for Testing and Material and Society of Automotive Engineers.

Test specifications have been prepared for both rigid and flexible cellular plastics to
standardize techniques for obtaining physical data.

These test methods have been extensively supplanted by special, and even unique,
testing techniques in order to provide meaningful data for aerospace applications.

The type and complexity of data often needed to achieve effective designs of equipment
and devices for space use depends on the severity of the natural and induced environ-
ments in which they are expected to operate. Prime emphasis is placed on simulated



environmental testing tc match or closely approach the real conditions to which
materials wll be subjected. Essential goals sought for materials are the permanence
of their properties, stability of dimensions, and predictability of useful life.

Thes, special efforts have heen applied to the definition of properties and char-
acteris’ics wnder the influence of the vacuum, thermal, and radiation envivonments
of space, as well as the induced environments of pressure, temperature, vibration,
and shock in launch, re-entry or maneuver trajectories. An additional vitsl inter-
face os :naterials is with the zero-gravity, 5 psi oxygen environment which prevails
in a :naaned space s} stem during space flight.

As . result, property data have been acquired on (1) outgassing effects, (2) heat
fluxes and heat transfer, and (3) electromagnetic radiation and particle radiation.
Permeability properties® and the diffusion of gases through the polymeric membranes
or cell walls of foams have been measured experimentally to evaluate these effects
in connection with corona phenomena. Because of the imuporterce of fire protection
in space cabins, especially under zero-g conditions, novel flammability tests and
test equipment’’® have been devised in the piace of the ASTM D1692 test method.

Specific properties of foam materials are presented in this survey in relation to
the particular functions and environiaenis governing their use. Additional data on
the radéation stability of foams for both vacuum /ultraviolet and vacuum /nuclear-
radiaiion exposures are presented in the following section.

Radiation Damage

In the space environment, foam materials may be exposed to radiation due to
solar flares, trapped radiation belts, and cosmic radiation. Radiation effects have
been experimentally determined under a variety of conditions, including irradiation
in air, in vacuum, and at cryogenic temperatures.® 1 Table 1 shows the relative
radiation resistance of general classes of materials, determined by the dosage
required to sustain a 25-percent damage in at least one physical property.

The compressive strength is used as one definitive property for the evaluation
of foams subjected to radiation in vacuum at cryogenic temperature. Samples ir-
radiated in air at room temperature show severe degradation at doses as low as
5 x 10° erg/gram(C). The effect of combined environmental testing on two repre-
sentalive types of foam materials is presented in Table 2. One explanation given for
the wide difference between the air and vacuum results at this dosage level is that
the cross-linking mechanism becomes more pronocunced because of the elimination
of oxygen. Figures 1 and 2 show the radiation level and cryogenic temperature ef-
fect on compression loads for two representative foam materials. The ultraviolet
and soft X-ray parts of thc solar environment can also cause damage to foam
materials. Foam materials that are usable in the space vacuum environment!! are
summarized in Table 3.



Table 1. —Relative Radiation Resistance of Materials

Radiation dosage
Material required for 25 percent
damage, ergs per g (C)
POlySLYTeNne. - - - < -« o e eeeveeevneennnannns 4 x 101!
Polyurethane. . - . . - . .. .o iciiinnnnennnnans 4 x 10"
Glass fabric reinforced phenolic laminate. . . .. . .. >8 x 101!
Glass fabric reinforced silicone laminate. . . ... .. >8 x 1011
Glass fabric reinforced epoxy laminate . . ....... >8 x 101t
PhenoliC TeSinS . . . - v . o o o v v v n e neen vennnn 1x 10°
EPOXY T@SINS . . - - ¢ o o it e i e eeceecneneenns 8 x 101
Silicome reSimS. . . . - . v i ittt ittt eeacanans 2 x jou
Nitrile phenolicresins . .. ... .. ... _......... 9 x 101
Vinylphenolic . . . . . .. ... ....... ... ... 1 x 101!
EpOXy B¥ION. « < s csssssssasuasvmnnunsssss 1x 1oft
Kel=F: : « c s s s s s s s s s s s s s s s s n o m 6 e x o smwa 6 x 108
Teflon . . . . . et et e e et 5x 10°
Vitom A. . .. . it i et it 3 x 10°
Nitrilerubber . . . . . . . . . . . i i it s ittt et n 7 108
Neopreme rubber . ... .. ... _..........c.... 6 x 108
Kel-Felastomer .. .........cticeeeeenann 5x 10°
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Figure 1.—Radiation-cryogenic temperature data for a
polystyrene foam (styrofoam 22).




‘[B1xerBw Jo 8 Jod 8810 00T = pBa T {YiBueJ)s Osu9) JUBISUCO BANSER 03 S[qIssiuLIod 9S8SOp WINWIIKBIY 4

008 03 £2%- ¢0T seesr s e e e v e JUODHIS
Amcahu Gﬂv—n so«gvﬂdu cmN Oa mﬂvl GOH O 6 0 0 8 6 0 8 0 8 2 0 e s s . e 0 e 0 s 0 ohnogm
o1qixe sulos Aq pejosjoad 0S¥ 03 g3¥- ¢0T cerrr e ee s e e e s e TTOUSY]
Pus {160 uado 31 eqqeordde joN
hcuhgﬂvgavc @QQOGQNWI eOﬁ PR R R R R R R R . .....HQQ..—Q%.—OAH
00€ 03 ge¥%- ¢01 + e 00000 e (93BUBADOSIPAYR) SuRYOINA[Od
(sed £y jesowroy) pydix ‘[{eo paso[o) sweod
0, ‘98usax pBax . ‘son}
Ly sanjsaedweo) | -aodoad 180
Anqeis wnnosp uoBIpEL J9101ABII ) 907A08 -juByoow JOJ STeleIEN
gnonupuo) | esop Bupiwiyl

o8] uonvlg evedg 10y SWBOL — g O1qBL

g 0e 0T X T 44 p-0T X T | UOWIBIPBI puB WNNOBA
g°01 0l X1 Le 09L ay 23 weojoxfig
¢'6e - Le 094 Iy
¥°ee 0T X 6 o¥ ,-0T X £ | UOWIBIPBJI puUB WINNOBA S
091 {01 X 8 L3 09L uopsipez pus 2y | TS &%Lﬁ
(Vi 4 - Lg 09 1y

18d ‘uoyjoepep

juevxed gz 18 Aow 3 10d . O 3ep . 1104 180.L 1811038 N

y8usa3s oAsseadwon s8a0 ‘uopsipsy | ‘eamyvaedwe], |‘eanssead

uopBINSU] poutvod jo Supeel, [BIUSWUOITAUS POUIqUIOD~— *Z OI9BL




0
"Sodiosen foporwre o wrpron"1Q) B

™ Seed HH s B2 W0 ]
«ue 1
-

S 1
-

L) 1
o

v e - 4
[ 4

Sl £ '
2 e ;, 3 ]
§l. s 4
- 30 l‘: 4

$
]
~n

Figure 2. —Radiation-cryogenic temperature data for a
polyurethane thermal insulation (stafoam AA402).
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Chapter 11

APPLICATIONS OF FOAMS

The usage of plastic and rubbery foams in commerce has been climbing at a
phenomenal rate. Foams now appear in widely divergent places and in applications
ranging from lightweight packaging and aquatic equipment to foamed-in-place struc-
tures in the construction and transportation industries. Although light weight is the
key attribute of foams, their usefulness stems from their unique combination of
properties and the capability of being tailored to a specific end use. Thus, plastic
foam displays a number of good points such as:

Low thermal conductivity, which makes it useful in thermos bottles and cryo-
genic dewars and in protecting man and his equipment from extreme heat and cold.

Low electrical conductivity, an intrinsic property that leads to the use of foams
as encapsulating and embedment materials in electronic equipment.

Good energy absorption properties, which make plastic foams desirable for in-
sulating man and machines from mechanical shock, vibration, and intense sound.

Because plastic foams are low density materials with a relatively favorable
strength-to-weight ratio, and insulate against heat, electricity, and attenuate
mechanical forces, they are valuable in insuiated structures.

In addition, foams possess some unique and intriguing extrinsic properties, such
as:

Expandability, a property that makes foams useful in self-erecting structures,
in void filling, and in the expulsion of fluids in difficult locations; viz., the raising of
sunken ships.

Self-sealability, which is a dgsirable attribute where fluid leakage must be
avoided.

Surface adhesion, meaning that foams can be applied easily to nonuniform sur-
faces and complex shapes.

Rigidification after distribution, which refers to the fact that plastic foams can
be applied (perhaps unexpanded) and hardened or expanded when necessary.

These extrinsic properties combined with the preceding intrinsic qualities place
plastic foams among the most versatile materials in industry. Indeed, plastic foams
have so many vses that it is reasonable and logical to describe here only those
specifically derived from aerospace research and development.

In the following chapters, nine specific aerospace developments in plastic foam
technology are highlighted. These are:
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Aerospace Foam Development Aerospace Application

Reinforced thermal insulation Saturn cryogenic tank insulation

Open-cell rigid foam Reduction of preinstallation outgassing
in sealed thermal insulation

High-strength, low-density foam Thermal insulation

Predistributed, rigidizable foam Solar concentrators

Vapor-barrier materials For foams used as cryogenic
insulation

Expandable structures Solar concentrators, lunar shelters,
antennas

Self-sealing composites Micrometeoroid protection in space-
craft walls

Self-erecting mechanisms Spacecraft antennas

Helmet-forming techniques Astronaut helmets

The aerospace applications listed above may seem rather narrow and specialized,

but it is possible to find many potential terrestrial uses for these developments. In
the following sections, each development is presented in terms of commercial

utility. Details of each foam composition, its preparation. and its aerospace applica-
tion may be found in the body of this report.

REINFORCED THERMAL INSULATION

A novel composition insulation, used in the walls of the liquid hydrogen tanks of
the Saturn S-1V stage, consists of polyurethane foam three-dimensionally reinforced
by fiberglass threads introduced during the foaming operation. The resulting material
is strong, and light weight, with low trerraal conductivity.

In the Saturn S-1V stage. tt - cainforced foam is installed as machined tiles ad-
hesively bonded to the walls o{ the »-foot diameter tanks. The r_sulting thermal
insulation layer has a density of 3 1b/ft>. The Freon-blown, closed-cell polyether
polyurethane foam tiles combat c.ermal stresses and differences in thermal expan-
sion between the insulation and the tank wall. The foam's vastly improved compres-
sive and tensile strengths and good thermal expansion properties allow it to be used
in direct contact with liquid hydrogen, protected only by a fiberglass liner.

Possible Commercial Applications

Insulation for ships and trucks carrying liquified methane and natural gas.

Insulation for storage vessels, transport tnicks, and even automobiles that
may use liquid hydrogen as fuel in the future. (Note: liquid hydrogen is a clean
fuel.)

Thermal insulation of industrial furnaces, retorts, refrigerator cars, ete.

Structural material in housing, for example in geodesic domes.

12



OPEN-CELL RIGIC FOAM

A special open-cell rigid foam was developed in the space program for use as
sealed insulation around cryogenic tanks. The use of open-cell foams reduced pre-
installation outgassing and insulation outgassing under vacuum. The polyurethane
foam was blown with Freon-11, resulting in 90 percent open cells and an overall
density of 2.3 1b/ft}. A small amount of aluminum flake was added to the foam
recipe to open the cells. The molded foam was cut into slices 0. 020-in. thick and
sandwiched with layers of Mylar to form a composite with low deflection.

Possible Commercial Applications

A lightweight filter for low-temperature fluids.

Stiffening members for structures or devices that must remain permeable
to gases, water vapor or other liquids.

Lightweight, large-area (whole rooms) first stage or primary filters for
air conditioning and pollution control.

Reinforcing member for flexible foams now used as low density, high-void
content ballistic shock attenuator in fuel systems.

HIGH-STRENGTH, LOW-DENSITY FOAM

Another cryogenic insulator is based on sorbitol propylene oxide/TDI prepoly-
mer, using Quadrol as the cross-linking resin. This material has a compressive
strength of 112 psi at a density of 4.2 1b/ft}. This appears to be the highest compres-
sive strength yet obtained for unreinforced polyurethane low-temperature insulation
capable of being poured in masses as large as 150 1bs.

The potential commercial applications of this foam are similar to those for the
fiberglass-reinforced thermal insulation discussed earlier in this chapter.

PREDISTRIBUTED RIGIDIZABLE FOAM

An azide-base polyurethane foam was developed for rigidizing unfurlable space
structures, such as solar concentrators. The unexpanded foam can be applied as a
paste to plastic films, such as Mylar and H-film, and stored as a compact, light-
weight package, that is completely inert below about 180°F. The foam can be activated
and rigidized after deployment by the application of heat which triggers an exothermic
reaction.

The predistributed material consists of a prepolymerized polyolresin, a blocked
isocyanate, and a special diazide that produces a nitrogen blowing agent when trig-
gered by heat. Thus, a small electrical heater embedded in the predistributed paste
can initiate the foaming reaction upon command. The reaction is then carried to
completion without the addition of any external energy.

Possible Commercial Applications

Expandable shelters, shields, and camouflage during emergencies and mili-
tary operations.
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Lightweight, expandable, disposable shelters and structures for camping
and field use.
Expandable solar concentrators for remote and impoverished areas.

VAPOR-BARRIER MATERIALS

Improved vapor-barrier materials have been developed to seal foam insulations
used around storage tanks containing cryogenic fluids. Hermetic sealing is essen-
tial to prevent cryopumped gases from increasing the thermal conductivity of the
foam insulations.

One particular material employs a Mylar/aluminum /aluminum /Mylar (MAAM)
laminated film with Adiprene L100/MOCA as a seam adhesive. The helium per-
meability of this film is approximately 1 X 10™Y cc/sec-in®. The vapor-barrier
laminate is adherively bonded to foam insulation panels in space applications.

Possible Commercial Applications

Vapor barriers in transport and storage systems for liquified natural gas,
liquid hydrogen fuel, and various refrigerants.

EXPANDABLE STRUCTURES

Space structures can be expanded and rigidized in several ways: (1) with the
predistributed rigidizable foam described earlier; (2) expansion by inflating a shape
by means of gas pressure with subsequent vigidization through blown foam cavities;
and (3) by blowing foam directly into structural cavities.

Rigidization by foaming (the second and third categories above) necessitates
+echniques for inducing the polymerization and foaming reactions in a programmed,
predictable manner. In addition, the unexpanded foam must be storable at ambient
or near ambient temperatures and capable of being triggered by heat, radiation, or
some other stimulus. Expandable solar concentrators two to five feet in diameter
have been built. '

The potential commercial applications are essentially the same as those listed
jor predistributed, rigidizable foams. In assessing possible uses of expandable
structures, it is worthwhile noiing that linear expansion ratios of 40:1 are possible,
corresponding to a volume expansion ratio of 64 000:1.

SELF-SEALING COMPOSITES

The protection of spacecraft against the effects of meteoroid puncture has al-
ways been a key problem of space vehicle design. If the spacecraft walls are built
from composite materials containing foam ingredients in liquid form, the self seal-
ing of punctures becomes an engineering reality. The passage of a high velocity
projectile through a wall built with an internal layer of resin mixed with microencap-
sulated catalyst will release the catalyst and generate a foam that will harden and seal
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the puncture. In the laboratory, silicone resin foams have effectively sealed struc-
tural panels punctured by 1/8-in. steel spheres.

Commercial applications of such self-sealing techniques might include protec-
tive structures surrounding hazardous fluids, such as chlorine and radioactive
wastes, and vital surplies of compressed gas.

SELF-ERECTING MECHANISMS

Erectable space ant~nnas employing compressible cured plastic foam have been
constructed in prototype form. Flexible polyether urethane foam, with a density be-
tween 1 and 2 1b/ft’, can provide packaging ratios of perhaps 15.1 in volume, without
the puncture and leak hazards inherent in pressure-actuated devices. Compression
"set' ig about 3 percent, but the initial design can compensate for this failure to
return to the precise dimensions of the original shape.

Possible Commercial Applications

Compressel life rafts, shelters, and other emergency equipment.
Compressible mattresses, rafts, camping equipment, and other recreational
equipment that must be transported at minimum volume.

HELMET-FORMING TECHNIQUES

The advantages of polyurethane foam for astronaut helmet liners are: (1) low
density (about 10 lg/ft3); (2) minimum bullz or thickness of cross section; (3) good
energy absorption characteristics; (4) good thermal insulation; and (5) it is amenable
to processing by foam-in-place methods. Th~ special fabrication techniques developed
during the Mercury, Gemini, and Apollo programs involve two key steps: (1) prepara-
tion of a silicone cast of the helmet liner, and (2) transposition of the cast to a mold
in which a polyurethane foam liner is formed in the required head shape.

The helmet liner is intended to effectively attenuate shocks and vibration forces
incident on the helmet exterior so as to prevent head injury.

Possible Commercial Applications

Fabrication of crash helmets.

Fabrication of protective padding around complex surfaces in automobile
interiors.

Application of acoustic attenuating materials to complex shapes; viz., air-
port noise attenuation helmets. "
Although not dealt with in this survey, numerous programs have been put into

effect by hoth the USAF and NASA to determine toxic effects of various materials in
space cabin atmospheres. Maximum threshold levels for toxic compounds, ex-
pressed as MAC values (maximum allowable concentration in ppm), have been adopted
as the preferred standard by the American Governmental Industrial Hygienists in
preference to TLV (threshold limiting value) units. Basically different standards,
criteria, and test procedures apply for the determination of toxicological and
flammability characteristics. Toxic outgassing effects of plastic or elastomeric
foams are associated with their thermal and chemical stability under the environ-
mental conditions.
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Chapter 111

STRUCTURAL APPLICATIONS OF FOAMS

PERSPECTIVE

Numbers of applications exist for foam materials as structural, load-bearing
elements in space-oriented engineering and development work. In the use of foams
for insulation and thermal protection systems, structural support in electrical en-
capsulation and impact protection in space-suit helmets snd restraint systems, their
structural behavior is connected with prime functions, either thermal or electrical
or for life support, which govern the situation. These technology areas, relating to
specific application functions, are discussed in the following chapters. The materi-
al in this chapter is based on structural applications.

Examples of potential space applications include components of lunar or space
shelters; expandable space structures,® such as in the rigidization of solar reflec-
tors, communication satellites, and self-erecting antennas; structural elements of a
composite structure to enhance meteor-bumper performance; and self-sealing com-
posites for repair of micrometeorite damage. Other applications of lightweight foam
materials are flexible foam-filled buoyant structures for survival at sea and as a
rigid-foam cavity filler in the S-1C fuel tank bulkhead.

For deployment and rigidization process of interest for expandable structures,
the polyurethane foaras hzve been used in preference to silicone, phenolic aL | epoxy
ioam materials, due to 2 wide range of properties and processing characteristics.

Aerospace expandable structures cover many areas of research and technology.
Projects in these areas have been discussed and reported in considerable detail at
the First and Second Aerospace Expandable Sturctures Conferences in 1963 and
1965. 1 An Expandable Structures Design Handbook has been prepared under Air
Force sponsorship. 2

The advantages of the expandable structure package for space application, are
minimum volume, minimum drag during the boost phase, and minimum weight for
maximum range. Many constructionconcepts have been based on fabrication from
woven flexible materials; e.g., Goodvear's "Airmat, " inflatable plastic films,
laminate materials of Mylar of H-film combined with lightweight foams and metalic

*The term "expandable structure' refers to a construction of flexible materials or of
a flexible configuration which can be packaged into a small volume, and which can
be programmed to expand into its useful shape by inflation or inflation-rigidization
techniques.
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structures with variable geometry features. In many cases high packaging ratios of
the ordar to 30 to 1 or higher are sought as a design goal for the expandable struc-
ture unit. For space antennas expansion ratios of 12 to 1 are of interest. .

The NASA work on foams relevant to expandable space structures, self-erecting
space antennas, and solar energy collecto~s has been largely performed or spon-
sored by Langley Research Center. Investigations on structures with foam applica-
tions by Marshall Space Flight Center have included lunar landing vehicles and
shelters, and a fuel exclusion riser in the Saturn-1C flight vehicle. ¢>5:¢:7

Because deveiopment efforts on foams for structural purposes have varied ac-
cording to existing or contemplated needs for equipment and components in different
systems, the NASA investigations in these areas will be discussed in relation to in-
dividual applications.

POLYURETHANE FOAM FUEL-EXCLUSION RISER

The lower fuel tank bulkhead of the 33-ft. diameter, 54-ft. long, Saturn-V S-1C
bhooster serves a double purpose in that it directs the fuel to the engine outlets and
occupies a volume that would be a natural sump containing more than 100 cubic feet
of fuel. The objects of the fuel-exclusion riser development program conducted by
Marshall SFC4'%:¢:7 was to select a suitable rigid polyurethane foam to fill this space
and to develop a manufacturing procedure for its production and installation in the aft
bulkhead of the S-1C fuel container. The foam was to be adhesively bonded to the
bulkhead and covered with a nylon fabric. The Manufacturing Engineering Division
(M-ME-M) of Marshall SFC succeeded in producing and ins alling polyurethane foam
segments to fill voids in the sump area and to meet the design requirements for the
assembled foam structure.

The fuel-exclusion riser structure investigation was originally conceived along
three different lines: (1) foam entirely in one piece, (2) foam in segments bonded to
the bulkhead, and (3) foam-in-place in segments. Various commercial foams were
screened for use, but were found to be inadequate for large pours, either due to in-
herent high exotherm, poor viscosity characteristics for controlling the mixing and
pour, or failure to provide the required properties.

Design requirements for the foam were: (a) 3 to 4 lbs/ft® density, (b) 75 psi
minimum compressive yield strength at 6 percent deflection, (c) 5 percent maximum
creep under long-time static loading, and (d) compatibility with kerosene fuel. The
foam had to have high elasticity to allow for flexing under the static load. The
material had to be cast satisfactorily in large sections in single pours.

The requirements for Creep under static loads constituted a serious material
Jimitation for low-density rigid foams. Early in 1963, a 4.0-1b/ft’ nominal-density
foam (Flexible Products Company) was found to creep up to 67 percent in a 24-hour
period; but a 6. 0-1b/ft® density foam had only 2. 55 percent creep after 120 hours at
room temperature.

Previous work on structural applications of rigid foams in filling large spaces or
cavities by ""foam-in-place' techniques had indicated a variety of problems such as
pull-away caused by after-shrinkage, under-- or over-fill, blow holes resulting from
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cell collapse, large density gradients, shrinkage cracks, undercure, and other
defects.

A NASA-supported investigation® screened twenty-two foam formulations for
suitability to produce very large foam castings with the specified compressive and
creep strengths. The foam was intended either to be cast as large blocks for
machining out detailed parts or for foaming-in-place on complex surface
configurations.

Foam Material

A low-density :igid polyurethane foam, desigrated R-4803-5 was developed by
General Plastics Mfg. Co. that met the design requirements.® Another rigid poly-
urethane (R-4603) formulation was developed which could be cast into a plastic ex-
clusion riser closed mold. The selected composition (R-4803-5). was successfully
cast into sixteen blocks measuring 30" x 68" x 78", which were X-rayed to determine
the internal quality of the foam. A formulation and reliable application technique was
developed for repairing damaged regions such as large holes or defects with fresh
foam so as to meet the strength requirements and dimensional tolerances.

The foam formulation R-4803-5 that gave the required density and that could be
closed molded was as follows:

R-4803-5, Polyether-Polyurethane Type, Two Part Formula

Part A (110 parts by weight)

Polyether resin

(510 Hydroxyl No.)-------- 80
Toluene Diisocyanate

(80-20 TDI) - ------~----~-~ 298
Benzoylchloride----------- 0.2

Silicone Glycol Copolymer,

Part B (100 parts by weight)

Polyether resin

(500 Hydroxyl No.)--------- 75
Fluorocarbon 11 - ---------- 14
Silicone Glycol Copolymer,

DC 201---------~--eocum-o 1.0
Triethylene diamine - -------- 0.1
Dipropylene Glycol- --------- 0.2

The R-4803-5 formula produced a closed-cell, Freon-blown foam with a density
in the range of 3.4 to 4.0 Ibs/ft>. The measured maximum creep was in the range of
2.75 to 4. 65 percent versus an allowable of 5 percent maximum. A 3.4-1b/ft3 sample
gave a minimum compressive strength of 75 psi at 6 percent deflection.

Production and Installation of Fuel Exclusion Riser

The fabrication requirements were to: achieve accurate placement of foam seg-
ments in the bulkhead, prefit them for uniform spacing, secure them by adhesive
bonding. The segments were precast in-place by vacuum bagging the contoured metal



surface in the tank, tack-coating with epoxy resin, lining the surface with 181-
fiberglass fabric, and foaming an entire segment to shape in one operation. Later,
the fiberglass fabric was peeled away to yield an excellent surface on the foam for
subsequent adhesive bonding to the tank surface Each segment was trimmed on all
mating planes.

The installation of the fuel-exclusion riser in the S-1C tank bulkhead is described
in a Manufacturing Process Data Specification’ issued by the Manufacturing Engineer-
ing Laboratory of Marshall SFC. Installation of polyurethane ioam segments was
made in three stages (Figures 3, 4 and 5).

Several similar elastomeric adhesive formulations were used for which the
primer was PR 420 (Products Research).

Adhesive Formulation

Material RN 2 3
Adiprene L-100 (duPont) 100 100 100
Micro-Balloons 20 40 -
Moca 9 9 9

Formulation 2 was applied around the inboard, LOX, tunnel-to-bulkhead fitting.
Formula No. 2 was applied as a 0. 062-in. thick (minimum) coat to all of the foam
interfaces and to the bulkhead area. The centerpiece, LOX tunnel-enclosure seg-
ments, and two adjacent gore segments were bonded with Formula No. 1. Vacuum
bagging under a 27-inch vacuum and curing for 16 hours at room temperature com-
pleted the bonding.

After installation of all the segments, a nylon fabric cover was applied in sec-
tions to fit the various segments.

DEVELOPMENT OF FLEXIBLY-FOAM FILLED STRUCTURES

A marine-oriented application of foaming-in-place and void-filling t. form a
lightweight buoyant structure was developed by Whirlpool Corporation for the forming

of life rafts. 15> 16
The foam components were required to be stable from 40°F to 120°F over a wide

range of relative humidity, to have a low viscosity 1d to be storable for one year in
the package. The foam formulation was:
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Figure 3. —Installation of polyurethane foam segments of the fuel exclusion

the aft bulkhead.

riser in
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Figure 4. —Installation of polyurethane foam segments of the fuel exclusion
riser in the aft bulkhead.
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Figure 5. —Installation of polyurethane foam segments of the fuel exclusion
riser in the aft bulkhead.
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Parts by

weight Manufacturer
Part A (Resin Mixture)
G-2571 Polyether Resin 100. 00 Atlas Chemical Co.
G. E.-1074 Silicone Surfactant 3.00 General Electric -

Silicone Division

Triethylene Diamine (Dabco) .01 Houdry Proces~ & Chemical Co.
Dimethyl Ethanol Amine 3.00 Union Carbide Chemical Co.
R-11 Monofiuorotrichloromethane _50.0¢ DuPont Chemical Co.

156. 01
Part B
Mondur MR Isocyanate 107. 00 Mobay Chemical Co.

The foam was metered in the ratio of 1.46 parts A to 1 part B, and hardened to a
dimensionally stable, rigid foam. The formulation filled 9 feet of the life-raft tube
and hardened to a foam suitable for the life-raft application.

A static head for mixing this formulation was tested at various machine rates up
to 0.472 Ib/second. A mixing blade made of a series of perforated aluminum djscs
stacked on top of each other was inserted in the static head. Two pressure in-
troduced the materials under pressure to the static mixer. The final design ihcor-
porated an inner COg-gas chamber with an outer concentric tube spaced with narrpw tapes
of the raft material. The raft was designed so that the inflated partial portigh and
the foam-in-place would each support a load of 200 pounds.

The raft was formed with 8 pounds of foam giving a total weight of 11. 12 pounds.
The foamed raft was very strong and did not show any measurable deflections under
the load of a test subject while standing. The foam formulation was considered to be
a breakthrough, in that it produced a foam that would travel a great length in a thin
sandwich construction and provide the required strength.

LUNAR STAY-TIME EXTENSION MODULE STUDY (STEM)

This study was conducted by Goodyear Aerospace Corporation ander the direction
of NASA Langley Research Center, %to design a 400- cu. ft., cylindrical, lunar
shelter module, defined within Apollo Extension System (AES) constraints. In this
concept, the 7-foot diameter and 13-foot long module has a composite wall structure.
A two-inch thick layer of approximately 1.2 lbs/ft® density flexible polyurethane
foam (Nopco Chemical UU-15) would be used as part of an integral micrometeorite
barrier and to protect the structure against the loss of life-sustaining oxygen.

24



The shelter wall would carry a structural load and was essentially designed as a
space radiator to keep the integral shelter temperature at 75°F even under 250°F
lunar temperature conditions. An insulation blanket would be drawn over ihe shelter
to help achieve temperature control over the range of +250°F to -3 00°F.

The life-support system would utitize a 5-psi oxygen atmosphere as in the Apollo
capsule. An oxygen pressure barrier contains a bladder foam layer of 0. 070 inch
thick PVC foam (Rubatex R-313-V of Great American Industries).

Power requirements of 300 watts minimum would be supplied by a dual system of
hydrogen-oxygen fuel cells, Power cells are foamed after assembly to serve as a
dampener for acoustical noise and vibration, and to minimize free gas volumes for
safety.

A special feature is assembly by filament winding. Axial copper filaments are
placed through the 2-inch dimension (Fig. 6) to increase the thermal conductivity of
the foam in order to improve heat transfer characteristics through the wall. The
thermal conductivity (k) may be varied from 0. 156 to 5. 00 Btu-inch/sq. ft.-hr°F, by
varying the area density of the copper filaments. A h value of 1.46 was measured for
approximately twenty-six copper filaments (5-mil diameter) per square inch.

Thermal
1 Zinc Oxide Pigmented Silicone Paint \/ Control Layer
\ Nylon Cloth )
Y Polyester Adhesive Outer Cover
Capran Film Laminate
Polyester Adhesive
Nylon Cloth

Polyester Adhesive Binder Layer

Micrometeoroid
Barrier

2-Inch Polyether Foam \

Rayon Yarn - Polyurethane Binder \

\ Filament Wound Layer-S,S, Wire pfut ~

Nylon Cloth ) “~
Polyester Adhesive Binder Layer Structural

lLayer

«070-Inch PVC Foam

Polyester Adhesive Binder Layer \
Pressure

Laminate - Same as Outer Cover Bladder

/.

Figure 6. —Séhematic-composite wall structure.
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FOAMS FOR RIGIDIZED SOLAR-ENERGY CONCENTRATORS

Foams for the rigidization of solar energy concentrators in space require highly
precise techniques for polymerization and foaming reactions in space environment.
The rigidized solar collector represents one of several concepts for lightweight
solar-energy collectors. Rigidization has also been achieved by structural techniques
which do not involve foams, as in the case of an inflatable pressurized collector in
which an inflatable shape of Mylar is attached to the collector. Other methods have
been reported in a review on solar-collector development. 1 Experimental develop-
ment work on rigid solar collectors has mainly been directed by tbe Langley Research
Center.

Principal considerations for foam materials as :ructural components of a
rigidized collector are weight per unit projected area, prelaunch storage volume, de-
ployment method, structural integrity and stiffness, space environment effects, and
scalability to larger-diameter paraboloids.

Prctotype paraboloid solar concentrators have been produced from two to five
feet in diameter. One method consists of expanding foam into hollow areas on the
rear surface of an inflated parabolic structure. The foam system stored in the un-
expanded structure before deployment must possess suitable storage life under con-
trolled ground conditions and also react under the stimulus of some form of heating
under space vacuum conditions.

Major studies on the processing capabilities of foam materials for this purpose
have been performed; one by Hughes Aircraft!? on an inflatable, rigidizable solar
collector, and another by Goodyear Aerospace Corporation14 on a predistributed,
azide-base, polyurethane foam for rigidization.

Predistributed, Azide-Base Polyurethane Foam

The azide-base polyurethane foam system developed by Goodyear Aerospace
Corporation can be foamed in a vacuum at about 10~° torr, in a heat-initiated process.
The formulation developed for a precoat material can be applied as a paste on a mem-
brane structure (examples are stressed Mylar film or H-film); it can also be foam-
activated and rigidized by the application of heat and can produce a foam product to
meet the design goals of rigidizing a space solar concentrator. The material is a
single package containing these chemical reactants: a prepolymerized polyolresin,

a blocked isocyanate, and a di-azide, which is convertible to a diisocyanate and
nitrogen blowing agent when heat triggered. The system is stable when stored at
temperatures below the 150°F to 200°F range (usually below 180°F).

This method for 'foaming-in-place' contrasts with other approaches to delay
foaming such as (a) rapid chilling and low-temperature storage of reactants after
mixing,? (b) the use of marginally stable derivatives of isocyanates (chemically
blocked isocyanates), (c) solid reactants with low mel*ing points above room temper-
ature, and (d) systems that are heat-activated on exposure to ultraviolet or infrared
radiation. '
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Standard Formulation of Precoat

The precoat formulation adopted as a standard was designated formulation No.
382-~40 and had the following composition:

Component Weight (%)

Prepolymer 382-37 (or equivalent) solids 55.4

Azide Structure X 16.5
Bisphenol adduct of 4,4'-diphenyl methane

diisocyanate (duPont's Hylene MP) 26.0

Surfactant (Union Carbide's 1.-5310) 1.6

Tin Catalyst (Union Carbide's D-22) __0.5

100.0

Prepolymer 382-37 is a hydroxyl-terminated prepolymer, prepared from HP-370
polyol resin (hydroxyl No. 370) and MDI (4,4' diphenylmethane diisocyanate) at a
reactants ratio (-NCO/-OH) of 0.30. The reaction time/temperature was 2 hours/
120°C. The polymer melt temperature, when compounded into a precoat and foamed
in vacuum is 280-320°F. The prepolymer 382-37 gave a clear, homogeneous solution
at 80 percent solids in acetone solution, making it superior for use in a precoat.

The polyol resin had a suitable viscosity at the critical foaming stage and an Mg
(molecular weight/cross-link) value of 500 to obtain a high softening temperature.
HP-370 is classified as a heterocyclic initiator (¥-methyl-glucoside).

Azide Structure X is 4, 4'-diphenylmethane diacyl azide (Mol. Wt. =250, amine
equivalent = 125), melting point 181-184°F (dec.) and a half-life at 193°F of 30
minutes (preliminary result). The vacuum loss of undiluted compound at 75°F and
10-% torr was 0.3 percent in 17. 5 hours. This di: zide was preferred because of the
high purity obtainable and the high polymer melt temperature it provided to the foam
product. The azide on decomposition into isocyanate supplies nitrogen as blowing
gas.

Bisphenol adduct of 4,4'-diphenyl methane diisocyanate is a blocked diisocyanate.
The sum of azide and blocked isocyai.ate supplies a ~-NCO/-OH ratio of 1:1. The
blocked isocyanate allows a reduction of isocyanate from azide to about one-third of
the total supplied.

Reduction of the azide concentration provides greater storage stability and im-
proved foaming process control (undiluted azides are impact sensitive).

The amount of azide is adjusted to give an adiabatic temperature rise from
175°F-190°F into the range at which the blocked isocyanate is rapidly "unblocked"
with absorption of heat.
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Process

In the delayed foaming reaction a di-azide (or polyazide) may be employed as the
inert ingredient in a mixture of reactants which can form a polyurethane polymer.
Rearrangement of the acid azides at slightly elevated temperatures above 150°F, can
initiate the polymerization to a polyurethane along with foaming due to the released
nitrogen.

To avoid an isothermal process, the foaming was made adiabatic and involved
heating the precoat to a temperature of approximately 180°F. The azide decomposi-
tion is self-propagating, aithough slow compared to explosions. The final foam
temperature is controlled at a level beiween 300 and 400°F, by azide concentration.
The inert, storage-stable, blocked isocyanate derivative » 2quires a minimum temper-
ature of around 300°F for activation,

Application of Precoat

Strength, hardness, and heat-distortion temperature (Fig. 7) are improved by
the addition of 2. 0 percent by weight of chopped silica fibe.:" (microquar:s, 0 to 3-
micron diameter). For application 30 to 40 parts of acetone per 100 parts of formula
homogenize the material. Acetone is then evaporated to a 20 percent level to obtain
a spreadable paste.

The storage stability of deacc.onized precoat spread on Mylar film is 44 days at
room temperature and 139 days at 40°F. Vacuum in the 107 to 107° torr range for
30 houss at room temperature, did not impair the foaming behavior.

Physical Properties of Predistributed~ =m

A testing program measured: 1) tensile stress-strain, 2) compression stress-
strain, 3) shear, 4) thermal coefficient of expansion, 5) creep, 6) bond strength (under
UV exposure), 7) dimensional stability, 8} thermal conductivity, and 9) reflectance.

GAC predistributed foam is brittle from -200°F to 78°F and becomes somewhat
ductile at 240°F. On the average, tensile and compression properties at 4.5 1b/ft?
density are 25 pevcent of those for the corresponding mechanically mixed foams.
Mechanical-property test ¢.ta for a number o “vara specimens (from precoat we.zh-
ing 3.8 gm/in? are given in Tables 4, 5 and 6. Linear thermal expansion and thermal
conductivity data are shown in Figures 8 and 9. Weights of distributed precoat solids
were 3.8 gm/in? i :he expansion tests and 0. 8 gm/in? in the coaductivity tests.

The predistributed foam material has useful structural strength and stiffness in
vacuum ai temperatures approaching 240°F, for densities greater than 3 lbs/ft®, Ten-
sile ultimate stress values as high as 20 psi and tensile modulus values up to 1385 psi
were obtained for 4 los/ft® densities.

Fabrication
Two-foot models were fabricated as gored paraboloids. H-film (duPont) was

used as the mirror film. Contour measurements of one model gave less than 0. 1 inch
deviation from a perfect paraboloid over almost all of the surfac: area.
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Figure 7. —Heat distortion tests—with microquartz added

Epoxy Syntactic Foams for Rigidized Inflatable Solar Collectors 12,13

In this investigation an epoxy syntactic foam was a reinforcement material for a
five-foot diameter inflatable solar-energy collector. The reflective surface was a
2-mii, aluminized Mylar film paraboloid. The epoxy syntactic foam was activated by
infrared radiation. This foam system supplanted a polyesier resin-fiberglass laminate
(UV-activated) which failed to produce high quality optics. Polyester syntactic foam
systems to be cured by activation with UV light were unsatisfactory because of failure
to cure throughout their thickness.

A suitable small volume package which could automaticaily eject and expand to
shape was demonstrated. The target weight of 0.4-1b/it? and reflectivities of 80 per-
cent were achieved for the model collector.

Epoxy Syntactic Foam Formulation

The formulation developed was:
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Component Parts by Weight

Epoxy Resin 100
Phenolic microballoons 27.5
Pyrogenic Silica 4.5
Borate catalyst 10.0
Diethylaminopropylamine 0.55

The borate catalyst is 2- (g-dimethylamino ethoxy) -4 methyl 1, 3, 2-
dioxaborinane. It can be mixed with the resin with no reaction at roor: temperature.

The epoxy foam resin formula cures in 4 to 6 hours at 225°F. Stoiage tests of
the uncured material indicated that it would be flexible for a minimum oi three weeks
at room temperature,

Application Techniques

Several spreading techniques were tested. The preferred method consisted of
making a 4- to 6-inch diameter ball of foam and the flatiening this to a 24-inch diam-
eter disc between heated (120- 140°F) platens of a hydraulic press, using 0.1 inch
thick spacers. The discs were butt-joined to each other and the spaces between the
discs were filled in with additional foamant. The "foamant" material was then soft-
ened and the edges pressed together to form a large, homogeneous sheet.

Although the system cured satisfactorily at normal pressures, paraboloids made
under vacuum did not retain the required optics, apparently due to volatiles in the
resin, A back pressure technique maintained the reinforcement at pressure while
the outer surfaces of the assembly were simultaneously subjected to vacuum (Fig. 10).

TWO 1-Mit PERFORATED
DIAPHRAGMS

\ \— 2-MIL ALUMINIZEC FiLM

\— REINFORCEMENT

PRESSURIZED AS
REQUIRED TO
MAINTAIN SAGITTA

b g b B et

Figure 10, —Mechanical "bark pressure' configuration.
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Properties of Epoxy Syntactic Foam

Samples of the epoxy syntactic foam were ~ut out of paraboloids which had been
inflated and rigidized in an altitude chamber (simulated to 150,000 feet altitude).
Results are shovn in Tables 7 and 8.

Vacuum-radiation tests were p~rformed in a 10-®* mm Hg. vacuum for 240 hours
heating the sample surface to 180°F by infrared plus exposure to one solar equivalent
of ultraviolet radiation. The weight loss for this period was approximately 4.5
percent,

SELF-ERECTING FLEXIBLE FOAM STRUCTURES FOR SPACL ANTENNAS

The concept of self-erecting space-vehicle antennas, using flexible foam materi-
al in the structure as the erectiry mechanism, has been investigated at NASA Lang-
ley Research Center!?:18 and :iicwn to be feasible. The system objective was to
store the erectable antenna during the launch phase to reduce surface drag and sub-
sequently expand it into the relatively large =iz¢ needed for a high-gain directional
antenna for space communications in the 960 to 2300 MC range. Erection was based
on compression deformation of a flexible foam without exceeding its elastic limit and
subsequent release from this shape to return to its original size by the relief of in-
ternal stresses.

The self-erection technique was demonstrated with an erectable Yagi disk array
of antenna elements. These elements were chosen because their broad-band proper-
ties allow large physical tolerances on the flexible structure.

Construction Technique

Antenna elements consist of dipole-ground plane units made of epoxy printed cir-
cuit laminate, and director assemblies of brass or aluminum-foil discs separated by
polyether flexible urethane foam spacers. Figure 11 shows a Yagi disk antenna with-
out the foam spacers. The precut and shaped foam acts as the supporting structure
for the disks and as the erecting mechanism for the whole director assemblv. Py-
ramidal and cylindrical erectable elements were investigated. Illustrations of th2 py-
ramidal element in the erected and packaged conditions are shown in Figures 12, 13
and 14. The director assemblies are packaged into the units by compressing the
foam along the assembly axes.

Flexible Foam Materials

The foams used in these elements have low dielectric constants, are lightweight, -
‘and can be compressed to ratios of 8 to 1 and 12 to 1 for foams with densities of 1.7
and 1.0 Ibs/ft®, respectively. These foams were open—cell, polyether type, with an
effective grain in their cell structure which allowed them to compress properly only
in a direction perpendicular to the grain.
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Table 7. ~Mechanical Properties of Epoxy Foam

Epoxy Foam
Test Type ngl P
Strength, psi x 10° Modulus, psi x 10°

Tensile 72 . 410, . 990, .380 4,940, 0.458, 4.680

Av =.593 Av =3.3859
Tensile 240 .310, .300, .235 1.730, 1.480, 1.080

Av =,282 Av =1.430
Flexural 72 . 915, .601, .647 Not run
(4-1/2" span) Av =.721
Flexural 240 . 500, .561, .492 Not run
(4'" span) Av =.518
Compressive 72 .610, .690, .575 Not rus
Edgewise Av =.625

240 . 1560, .150, . 120 .938, .994, .756
Av =.140 Ay =, 896

Table 8. —Thermal Coefficients of Expansion of Epoxy Foam

Test Coefficient of Expansion, in/in/°F x 10~°
Temp °F Epoxy Foam
-320 1.85
-118 2.63
1 +32 3.26
+150 2. 07 (130°F)
+185 . 2,71
+240

Could not be run
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Figure 11, —Yagi disk antenna Figure 12, 1,7 pyramidal
{standard element), slement (erected).

Mechanical Tests

Recovery, stress-strain, vibration damping and temperature differential tests
showed the erectahle elements fo be acceptable, Foam samples 3 inches in diameter
and 2 inches thick, were compressed to 3 12-t0~1 ratio for 20 hours, and recovery
was tested at 760 mm Hg, and at 1 x 107° tory pressure. Recovery expressed in per-
cent of original thickness (Fig. 15), was almost immediately within 10 percent of he
original thickness, After 6 hours of recovery the elements refained permanent com-
pression sets of 8 percent.

Loading and uuivading curves for 1,0 and 1.7 Ibs/ft® density foams (Fig. 16)
show the behavior typical of low density flexible foams. The compression resilience

(area of unloading curve
area of loading curve

X 10{)) of the denser foam was 52 percent before and after
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Figure 13, ~1.7 pyramidal element.
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Figure 14, -1, 7 pyramidal element (packaged).

environmental exposure. The simulated space environment applied to a 1.0 1b/f°
density foam was 1.0 x107% torr vacuum, BH-6 mercury-arc UV emission in the
range of 3650 to 3663 Angstrom units, and 140°F temperature for 50 hours.

In damping tests on samples freely vibrating in vacuum:

{1) A 1.0-1b/ft? cylindrical element vibrated at a frequency of 1.3 cps and
damped to half-amplitude in 3.2 seconds.

{2) A 1.7-1b/it? pyramidal element vibrated at a frequency of 3,4 cps and
damped to half-amplitude in 0.9 seconds.

Temperature differential effects on a 1. 7-density pyramidal element are shown
in Figure 17,

MISCELLANEOUS STRUCTURAL APPLICATION CONCEPTS
Expandable Airlock Utilizing the Elastic Recovery Concept!?

An expandable airlock design concept for use in the space environment utilizes
the stored potential energy of a compressed foam for deployment. For external air-
lock application the composite wall would consist of a laminate of a 2-inch~thick pro-
tective layer of resilient foam material sandwiched between structural fabric layers,
The foam also offers micrometeoroid protection and insulation for thermal control,
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Figure 15. —Recovery properties of the flexib!. foams.
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Figure 16. —Stress-strain properties of the 1. 7-pound-per-cubic
foot flexible foam before and after the environmental exposurn
and the unexposed 1. 0-pound-per-cubic-foot flexible foam,
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Expandable Space Structures - Evaluation of the Elastic Recovery Concept?s %

This investigation determined the type of elastic recovery composite for possible
application to manned space stations or shelters, storage tanks, antennas and second-
ary structures.

One expandable structure consisted of 1.9 inches of foam bonded to regenerated
cellulose cloth on one side with polyvinylidene chloride latex resin adhesive, and to
polyvinylidéne chloride film on the other side. This film was selected because of its
physical properties and low permeability to gases.

In Znother structure foam was made into a laminate of 1-ply fabric inner skin,
one inch of 1.35 lbs/ft® flexible foam and an alwminized Mylar outer skin. The shear
strength was 1. 8 psi and the "k" (in vacuo) was 0. 13 Btu-inch/ft?-hour-°F.

A flexible plastic foam was loaded with barium titanate to obtain a large antenna
aperture with a spherical surface. Major conclusions reached were:

(1) The flexible foam core is more effective as an elastic recovery composite
than compressible honeycomb.

(2) The elastic recovery composite will erect under vacuum or cryogenic tem-
perature and after being stored for long periods.

For meteoroid protection the foam core absorbs fragments produced when an
outer skin breaks up the particle. -

Wall concepts for expandable space structures are illustrated in Figure 18.

Resistance of Composite Space Structur.s to Hypervelocity Impact

Ames Research Center?! investigated the effects of hypervelocity (20 000 to
23 000 feet per second) impact of 1/8 inch diameter glass projectiles fired from a
light-gas gun into a variety of composite structures. The study indicated the effec-
tiveness of low-density filler materials for protection of a space structure against
meteorite impact.

The foam core composite structures tested were composed of aluminum sand-
wiches of 2024-T3 aluminum alloy separated by layers of polyurethane foam, poly-
styrene foam, and rigid cellulose foam, or they were low density ablative heat-shield
materials. The fillers performed with approximately equal effectiveness on the basis
of weight per unit volume, independent of composition.

For the multiple-wall target samples, the walls were made of sheets of 2024-T3
aluminum alloy of two thicknesses and generally spaced at one inch with the filler
material in the core. The targets were at zero external load level when impact
occurred. Various configurations were employed for targets which comprised either
two 0. 050 inch thick sheets of aluminum or three sheets of 0.031 inch thickness so
that the total weights of the respective targets were kept constant. Sheet spacing was
also kept at one inch.

The polyurethane filler, a 2—1b/ft3-density, open-celled flexible foam, and the
2-pounc~density, rigid, polystyrene foam provided about equal proteciion to the
rear sheet in the two-sheet model, as measured by damage effects on the rear
face of the composite. Inclusion of metal honeycomb behind the bumper sheet
increased impact damage, which was -till further increased when a foam plastic
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Figure 18, .-Wall concepis for expandable space struciures.

filler -vas combined with the siructure. Addition of a bumper shield effectively im-~
proved the penetration resistance at equivalent weight.

Combined Concept for Control of the Meteoroid Haza.d

Two approaches for protection against hypervelocity impact damage are the
bumper shield and the single-thickness, armor-plate structure. 2 The armor-plate
approach lacks good design criteria for a reliable, lightweight structure.

Northrop Space Laboratories® investigated a combined system with a self-
sealing feature under the direction of OART, Space Vehicle Division of NASA, and
the Protective Structures Section of NASA Langley Research Center. The system
combined penetration resistance and self-sealing capability.
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Figure 19. —Integral system - combined mechanical - chemical sealing

concept (rigid foam resin/rubber balls).
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Materials of construction for two test panels are shown in Figures 19 and 20.

In the first case the uncured foam resin and catalyst are separated by confinement in
sealed plastic films and in the second case the resin is contained between Mylar mem-~
branes with the microencapsulated catalysi distributed uniformly in the resin.

Self-sealing for these systems is based on release of catalyst following puncture
in a hypervelocity impact test. The rigid silicone foam resin expands upon interact-
ing with the catalyst and then cures to form a solid sealing plug, replacing the materi-
al along the pellet entry path.

The microencapsulated catalyst T-9 (stannous octoate) was prepared by means of
a shell formulation of Algin-Gel-Polyvinylalcohol at Southwest Research Institute.

The catalyst-resin mixture could be made into a paste which is easy to apply, and a
dry mix could be prepared. The microcapsule paste provides the correct ratio
throughout its volume when impacted. The foaming reaction and the depletion of cata-
lyst are localized, thereby maintaining protection on subsequent impacts.

Leakage rates were determined after impacting a 1/8-inch diameter steel sphere
on test panels. Projectile velocities in the range of 20,000 to 24,000 fps were used
under room, elevated, and reduced temperature conditions at the McGill University
light-gas gun facility.

Without the self-sealing concept, leakage rates for a 1/8 inch diameter hole, at
a pressure differential of 1 atmosphere, were greater than 260 pounds per day.
Self-sealing test panels (Figures 19 and 20), were found to have a zero leakage rate
within 5 to 10 seconds after impact by flowmeter measurements.
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Chapter IV

SYNTACTIC FOAMS IN THERMAL PROTECTION SYSTEMS

PERSPECTIVE

Hypersonic flight during the re-entry imposes severe requirements for thermal
prote:tion. The large translational kinetic energy of the flight vehicle must be dissi-
pated as heat, often requiring an ablative heat shield. Ablation provides for the or-
derly removal of surface material in the hyperthermal environment. This erosion
results from interaction between the surface and the aerodynamic heat and shear,
coupled with a combination of thermal, chemieal, and mechanical effects in the
ablation material. Syntactic foam materials have been applied as ablators for vehicle
protection on a variety of missions.

Ablation Process

Thermal protection materials, other than metallic heat sinks, achieve their pur-
pose by two mechanisms: (1) sacrificial loss of the surface region material by an
ablation process, and (2) insulation of the vehicle interior by the remaining layer.

Initially, the material absorbs incident heat as an insulator. Then, the surface
temperature rises sharply and thermal decomposition begins. Gaseous products from
the pyrolysis of the ablative material are injected into the boundary layer and effec—
tively block a major fraction of the convective heat input. &

Surface charring occurs for many ablators, except ihose based on physical-state
changes, such as melting and sublimation. The largely carbonaceous char has high
emissivity in the infrared region and is re-radiiting considerable heat if its surface
reaches a sufficiently high temperature. The char at the surface is continually re-
moved by a combination of oxidation reactions, shear forces imposed by the flowing
gases, and spallation. Char will also continue to be regenerated at its back surface
as the heat pulse penetrates inward.

Ablative thermal protection systems are inherently self -regulating and, therefore,
respond effectively to a wide range of re-entry conditions.

Selection of Materials

The choice of thermal protection is dictated by the severity of the re-entry envi-
ronment, A particular re-entry condition is an interrelated function of vehicle veloc-
ity, shape, and re-entry trajectory. Thus, different types of ablative protection ma-
terials have been designed. Re-entry or flight profile parameters which can influence
the thermal and mechanical stresses on ablative materials and structures are shown
for various manned missions in Table 9.
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Table 9. —Reentry Profile Parameters for Thermal and Mechanical

(Ibs/ft?)

Stress
Manned lifting
Mission Gemini Apollo X-15-2 reentry body
Heat Flux Rate 50-200 ~250 30-50% 50-150
(Btu/ft*-sec)

l ‘ c
Total Integrated Heat - ~100, 000 ~10, OOOa' 50,000-100,000
Flux (Btu/ft?)
L/D Ratiob 0.3 0.5 3 1-3
Reentry Time (Range) 300 - -— 1800-2400
(seconds)

(Average Time)] -- -— 750 (Mach 6) 2000
1000 (Mach 8)

Shear Forces
1) Aerodynamic ~2 ~2 <10 (mainly 3-5) | --

(Ibs/ft%)

d d -

9) Thermal Stress 1039 10° 10°

a. At Mach 6.

b. L/D ratio is the maximum lift/drs~ value for each vehicle at some angle of attack

in which the vehicle operates.

c. Total integrated heating is an order of Rxagnimde higher than fo. vehicles in ballis-
tic re-entry) stagnation load if 90,000-100,000 Btu/ft?.

d. Number denotes an order of magnitude.

Low density thermal protection materials serve in missions where the time of
transit through the atmosphere is an order of magnitude larger than that for ballistic

missile re-entry.

The syntactic foams have been more widely used as ablators than chemically blown
foams. Syntactic foams have a cured resin as the continuous phase in combination with
microbailoons or microspheres,

- made either from a phenolic resin or silica. Foam density is dependent on the resin/
' microsphere ratio and the fabrication conditions. Syntactic foams used for thermal

Pree 49 BlavK
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protection may have one or more resins combined with one or more density-reducing
agents, and often contain other fillers. :

Research and development is focused on three classes of syntactic foam, namely
those derived from silicone, phenolic-nylon, and epoxy resins. Examples of each
class, and data on their compositions and physical, mechanica’, and ablative proper-
ties are provided in the following sections. For proprietary considerations. it has
not always been possible to identify the resin, catalyst, or the ingredient proportions
in the formula. A summary of ablator systems is presented in Table 10.

Mechanical Forms and Configuration

The principal forms of ablator foams as a heat shield are (1) composites of foam
inserted into honeycomb cells, (2) refurbishable spray coatings, (3) surface castings,
and (4) molded modules.

Composites

Composites are usually individual heat shield sections mounted by vacuum bonding
and mechanical attachment to a primary heat shield substrate. A heat-resistant,
phenolic-fiberglass honeycomb matrix is filled with ablative material in 3/8 or 3/16
inch cells. The final complex is machined to the required dimensions. One-half inch
of excess material can result in a 30C-pound weight penalty.

Refurbishable Coatings

Refurbishable spray coatings for re-entry vehicles are a fairly recent outgrowth.
A major impetus for their development stemmed from the goal, at Edwards Research
Center, of increasing the speed of the X-15-2 hypersonic vehicle from Mach 6.5 to
Mach 8, A material was required for application to the large and compiex surfaces of
the vehicle by spraying while inside a hangar, under a variety of ambient temperature
conditions. Spent sections of the coating had to be removed after each test flight and
replaced with new material. The material is a rubbery silicone that will char but re-
tain its shape during atmospheric flight.

Molded Shapes

Molded sections are prepared where the design requires extra thickness.

Material Properties

Physical, mechanical, thermal and ablative properties of five syntactic foams
and one gas blown silicone foam (Table 10) are presented in the following sections.
Thermophysical property data has been compiled for six charring ablators. !

Emphasis in coinposite ablator materials has been placed on low density to pro-
duce minimum thermal conductivity. Silica or phenolic microballoons reduce mechan-
ical strength. In several formulations reinforcement fillers such as asbestos, glass
or quartz fibers have been used effectively.
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Table 10. —Designations of Ablative Foam Resin Systems for Ileat Shields

Spacecraft, vehicle

Ablative

Type of resin system

Lifting Body

M2 HL 10

8SV5

Planetary Prcbes

Scout

Langley-Nylon-Phenolic

Langley - '"Purple Blend"

Langley-Nylon-Phenoiic

Langley-'"Purple Blend"

ESM 1004 (blown)

Phenolic nylon

or probe resin material
Gemini DC 325 RTYV castable silicone
Apollo AVCO 5026-39 Epoxy-novolac
X-15-2 Martin MA-25S8 RTV sprayable elasto-

mervric silicone
(special catalyst)

Zytel 101 nylon-
phenolic

RTV 602 or Sylgard 182
gilicone

Zytel 101 nylon-
phenolic

RTV 602 or Sylgard 182
silicone

Phenylmethyl silicone

Phenolic nylon

Functional properties will include density, char strength, composite mechanical

strength, char porosity, emissivity, thermal conductivity, and ablation efficiency .or
a particul:y environment.
Stability to the vacuum-thermal effects in space prior to re-entry is mandatory to

retain full performance. A jettisonable boost protective cover over the Apollo heat
shield is an example protection against the effects of ascent heating and rocket motor

exhaust, where a temperature >f 1200°F may be reached.

DOW CORNING 325 SILICONE-BASED ABLATOR

Dow Corning 32£ (DC325)% bas been used as an ablator in at least twe important

space programs.
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Composifi_g_m Silicone - Dow Corning (proprietary),
DC325 resin - 92,7 parts (wt.)
DC325 catalyst - 7.3 parts (wt.)
Cure: 7 days at room temperature, or 4 hours at 180" F, or 15 minutes at 850° F,
Form: Molded or phenolic-glass honeycomb {3/16" cell) reinforced,
Density: 54 pounds per cu. ft. for unreinforced material.

55 to 67,5 pounds per cu, ft. when reinforced with honeycomb.
Mechanical ¥ coperties: The mechanical properties reported .re for unreinforced
material at ambient temperature.

1. Hardness, Shore A: 68

2, Tensile Strength: 315 psi

3. Elongation: 60%

4, Modulus of elasticity in compre~sion: 2200 psi
Thermophysical Properties:

1. Thermal Conductivity: Figure 21

2. Specific Heat: Table 11

3. Linear thermal expansion coefficient: Figure 22

Table 11 cortains mean specific heat data obi:ined af mean teinperatires ranging
from -124°F to +274°F .3

Table 11. —Mean Specific Heat vs, Temperature DC-325

Mean temperature “F Mea;;tip/?gi/'fj; heat
-124 0.28
112 0.31
148 0.33
212 0.36
274 0.37

Ablaiion Performance

The ablation effectiveness of Dow Corning 325 has been measured under a variety
of conditions including propane torch, hygersonic arc :unnel and plasma arc tests. 24,7
Ablation data obtained by plasma arc exposure are presented. Ablator offectiveness
(E) in the data presented is a function of the time required for the backface temperature
of an abls. ve cample to rise to 800°F. The ablation ¢ffeztivenegs, or efficiency, is
defined hy :: .1 (2).
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Figure 21. —Apparent thermal conductivity-versus-
temperature (Dow Corning -325).
_a
E = (1)
E-3 (@)
°'p
q =_cold wall heat flux, Btu/ft?-sec.
t = time required for the backface to reach 300°F, in seconds
w = specimen weight per unit area, Ibs/ft?
o = specimen density, Ibs/ft3
= thickness of material ablated, feet.

Ablation performance of DC 325 varies with the density, cold wall heat flux,
stream enthalpy, stream chemistry, and aerocdynamic shear stress. Values for DC
325 are shown in Tables 12 and 13 and Figures 23 and 24. Definitions of the symbols
used throughout are provided in Table 14.
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Figure 22, —Average thermal expansion-versus-temperature.
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Table 124, —Ablation Performance of Reinforced DC 3252°P
w . 02 G H T W/A E
. - LAY EAN E ‘\
3,98 3.55 | 11 3300 | 0.5 0.35 11,720
3.00 3.7 | 120 3200 | 1.5 0.15 14, 950

2 = 57.5 lbs/ftS
bSee table 14 for definitions of symbols
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Figure 23. —Effectiveness of reinforced DC-325
silicone resin as a function of heating
rate and stream chemistry.

After arc-jet exposure, the surface of DC 325 specimens is covered with a tena-
cious, siliceous layer. The thickness of this layer depends on the surface tempera-
ture attained and the imposed aerodynamic shear stress.

DC 325 ablative effectiveness increases with increasing cold wall heat flux up to
about 150 Btu/ft’-sec, essentially independent of the oxygen content of the plasma

‘stream. DC 325 is sensitive to combined effects of surface temperature and aerody-
namic shear.

NASA "PURPLE BLEND" SILICONE-BASED ABLATOR

NASA ""Purple Blend' is a second-generation silicone-based ablative material with
a lower density and improved ablative performance compared to DC 325. Its charac-
teristic purple color is due to the presence of phenolic microspheres.
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Flg'ure 24, —-Effectxveness of reinforced DC -325
silicone resin as a function of heating
rate, stream mass flow and aero-

dynamic shear stress.

"Purple Blend" is a term for a series of low density silicone-based ablators
originated within NASA, Three examples are glven below:
Composition Repox‘f:s

1.

3.

Silgard 182 Resin (Dow Corning)

Silgard 182 Catalyst (Dow Corning)

Silica Microspheres

Phenolic Microspheres

RTV 602! (General Electric Slhcones Div.)
Silica Microspheres

Phenolic Microspheres

RTV 602% (General Electric Silicones Div.)
Silica Microspheres

Phenolic Microspheres

Microquartz Fibers

57

Parts by Weight

67.5

7.5
15.0
10.0
75.0
15.0
10.0
70.0
10.0
16.0

4.0 -



N

‘Wesq)s 1893 youl-gl I0} aiqeriear mep omdeadoxyvads oN

*S10qWIAS 30 SUOHTUIOP J0F FT 9IEL 835,

o vaﬁmwm QUODIIIS G628 DU POOIOIUISY IO SINSOY Jo ArBuimng— el IO AR

‘ueys} vyvp sansodxeisod oxojoq paSevuivp noﬁmo&mu
ey | 68° | 28" L 042¢ 2L01 0 @ 6 0 2 43 83
69° | #1° | 88" Lt 02¢s ¥ 0 @ 1 g 3’ 2t 12
7L | 80° | 08" €2 028¥ 299 0 @ 22 g 2z 3t 92
g6° | 82" | £8° 6 0S¥ 8001 ] @ 41 g 2 21 ¢z
sv | g | s o1 1992 999 0 @ 2t 1T g 2t %2
s | 12" | 8L 6 08¢d 899 0 @ - 03 £2 g 2t ez
28* | 81 | oL 31 0008 398 | 93° 0852 99 0 81 9 33
¥9° | #T° | 8L° (71 08LL 8LZ | 08° 0818 ¥8 g 81 9 12
19° | %1 QL 1 OLTL 9gv | 93" SL9% 99 £ 81 9 03
5 | s2° | 6 0S19 6z¥ | 03° 0061 151 2 g 8°1 g 61
L | 12 |89 8T 0189 o1e | L3° 0562 99 It 81 9 81
$3° | S1° |69° 21 0¥8L 8g¢ | L2° 0882 99 14¢ 81 9 L1
28" | ®1° 199° e1 0P8L 9s5c | .2° 0S€32 99 £2 81 9 ot
(e) ) | (o) ®) 00021 | 128 | 06" 00¥¢ 211 g 2 ¥ ST
(e) () | () (e) 00021 | 9sg | €8° 053¢ 101 €2 4 ¥ 21
€e° | a1 | 8%’ £8 0000T | 0ST | L¥'9 00sg 002 0 91 g 11 S
®) ® | oy 86 STLIT | Y02 | 98'9 0562 sS4t 0 91 4 FA S
gg* | ¢o0° | 09° 44 gL66 se | g0'% 0502 86 0 91 2 44
() e |e¢ee (®) 0LEL 20T | SL°'9 0gLe L12 € 91 3 o1
() &) | (e) ®) 0¥60T | 69T | S¥'9 00%8 86T g 91 2z 6
¥2° | vo° | ez’ 99 06921 | 983 | £1'9 00L3 091 g 9T 2 8
or° | 90° |9’ 44 0LLET | 962 | L18°C gLZe o1 g 91 2 2
28° | g0° |ag’ 62 08611 | 042 | 4S°g 0523 ge1 g 91 2 9
W v | 8p° 62 0S¥IT | 092 | 28°S 0522 zet g 91 2 g
L9° | 90° )L 92 096 118 | ¥6°¢ 0502 £6 g o1 2 ¥
() (® | ) 66 000& | ZoT | ¥3'9 | 009€ 902 11 9t 4 €
£€5°0| 20’009 12 08221 | 21 | €6°% 0022 811 1t st 2 4
(®) ) 182°0 ¥ 0989 1€ 0%'9 00%2 6T £z 91 2 1
ey [mAIA [ 19307, | jueoaed oes-.y | -u
‘8g0] qi/mMg | 998 | u/q) | q1/mg | des- 8/mid | queozed q1 *urelp uowoedg
Uy ‘ssomNOIYY, M 00Bg | <008y 1 H b 0 ‘V/M | uresais
(*u1 990 = SSBUNOIY) UoIOBdS /A1 8 = Mial/qreg = 0)

o
0



Table 14, —Symbols and Definitions of Units

W oE

=

area, ft? |

effectiveness of ablation material, —qut— , Btu/ib.
ablative effectiveness based on weight of material
degraded, %, Btu/1b. -
enthalpy, Btu/lb.

thermal conductivity, Btu-inch/ft? —sec-oR
thickness material pyrolyzed, ft.

molded

oxygen mass transfer through boundary layer, 1b/ft?-sec.
stagnation pressure, atmosphere

cold wall heat transfer rate, Btu/ft?-sec.

char surface recession rate, ft/sec.

time, sec. h

mass flow, pounds/sec.

specimen weight per unit area, lb/ft?

density, Ib/ft? '

aerodynamic shear stress, 1b/ft?

The compositions are prepared by mixing the phenolic and silica microspheres
until a umiform color is obtained then adding the catalyzed resin. Beeause both phen-
olic and silica microspheres are fragile, blending must take a minimum of agitation.
"Purple Blend" is always used as a filled phenolic-~glass honeycomb reinforce-
ment, The "Purple Blend" mixture is pressed into the honeycomb under a vacuum,3
or it is inserted into the individual cells by a modified caulking gun. Curirg requires
2 hours:at 250°]§1},3 although RTV 602 resin can cure at ambient temperature. Density

. Processing-and Fabrication

varies from 36 to 40 pounds per cubic foot.

Table 15 presents "Purple Blend" tensile strength data parallel and perpendicular
to the ribbon direction of the honeycomb reinforcement.

Mechanical Properties
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Table 15. —Honeycomb-Reinforced "Purple Blend" Tensile Strength®

Test direction Temperature, Soak time, Tensile strength,
to ribbon . °F minutes psi average
Parallel ' ~-300 15 190
Purpendicular -300 15 64
Parallel RT 310
Perpendicular RT 140
Parallel 500 30 106
Perpendicular 500 30 18

The tensile shear (double lap shear) strength of split honeycomb reinfor-ed "Purple
Blend" is shown is Table 16 for the temperature range -280°F to +300°F,

Table 16 Honeycomb Reinforced "Purple Blend": Tensile Shear®

T mperature, Ultimate stress,
°F 7 psi (average)
RT 32.3
+ 300 20.9
- 35 36.5
-130 478
-280 1305

*Bonded to alun.inum with RTV-560; two-square-inch total
cross-section,

“In split honeycomb, each of the six-cell walls is cut and separated. - This prac-
" tice was followed to allow the elastomeric properties of the ablative material to domi-
' nate the behavior under test as opposed to measuring primarily the properties of the
honeycomb reinforcemenit. Table 17 contains flatwise compression data for unmodi-
fied honeycomb reinforced material tested parallel to the ribbon direction over the
temperature range from -300 to 500°F.

The fully cured material has a Shore A hardness of 60,

Thermophysical Properties

Data on thermal conductivity, mean specific heat, and thermal expansion are
presented in Figures 25 and 26, and in Table 18.
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Table 17, -—~Honeycomb Reinforced ""Purple Blend':
Flatwise Compression Data

Test direction Temperature, Soak time, Flatwise compression
to ribbon °F minutes (average)
Parallel -300 15 10,830
Parallel RT 1,700
Parallel +300 30 1,230
Parallel 500 40 760

Table 18. —Mean Specific Heat vs. Temperature: "Purple Blend"®
Mean temperature, ' Mean specific heat,
°F Btu/Ib/°F
115 0.32
152 0.33
220 0.37
274 0.42
-126 0.28

The data on the ablative effectiveness of reinforced '"Purple Blend'' are limited in
comparison with DC 325. Ablation data (Table 19) demonstrate the improved perform-
ance of "Purple Blend" compared to Dow Corning 325 in the limited range where testing
has been reported. '

Low density and fully dense phenolic-nylon charring ablators have been developed
at NASA's Langley Research Center. These range from 75 lbs. per cu. ft. for a 1:1
mixture of powdered nylon and phenolic resin to 18 lbs, Jper cu. ft. for syntactic foams
filled with phenolic microballoons. The major portlon ‘of the work at Langley was fo-
cused on syntactic foams with densities of 25 to 40 lbs. per cu. ft. , to determine the in-

Ablation Properties

NASA PHENOLIC~-NYLON ABLATOR

fluence of the constituents on ablative properties.
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Table 19. —Ablation Performance Reinforced
"Purple Blend'" Formulations
Formulation 300 H- w/a E
Y 3 ) 7\ EEN
NASA 182% 363 3300 0.35 13, 800
NASA 602%* 374 3300 0.35 13,350
NASA 182 403 3200 0.15 17,500
NASA 602 454 3200 0.15 18,780
NASA 602%¥%¥# 555 3200 0.15 22,200

#  Material density.39.4 lb/ft?
#* Material density 36.4 lb/ft®
#%%* Material density, 38.7 Ib.ft?, split honeycomb for columnar reinforcement.




40

38 —
6 r—
34 -
32—
30 b~
28 —
26 p—

24 b~

-3

22 —

20 }-w

18

IN./IN. x 10

16 |—

THERMAL EXPANSION

14

12

10

i

T 1 1

L.R.C. PURPLE BLEND

(]
I

] | | 1 1

0 100 200 300 400 500 600 700
TEMPERATURE (F)

Figure 26.—Average “hermal expansion-versus-temperature.

Phenolic-nylon compositions studied are listed below.

Formulation No, 1% ¢ Parts by weight
Union Carbide phenolic resin BRP-5549 25.0
DuPont Zytel 103 nylon resin 50.0
Union Carbide phenolic microspheres BJO-0930 25.0

Formulation No. 2’

Phenolic-novolac resin 23.0
Nylon resin 47,0
Phenolie microspheres 25.0
Silica microspheres 5.0
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Formulation No. 3°

Phenolic-novolac resin 25.0
Nvlon resin 40.0
Phenolic microspheres 35.0

Hughes Aircraft Company investigated techniques to optimize phenolic-nylon syn-
tactic foams, under acontract speasored by Ames Research Center. The final formu-
lation was:

Formulation No. 43

HFN phenolic-novolac iosia 37.0
Nylon resin 40.0
Phe..olic microspheres 23.0

Processing - Langley Method

The Langley utilized a V-type blender for mixing 80-mesh nylon powder, 240-
mesh phenolic resin, and 15,6 lbs. per cu. fi. phenolic microspheres. The nylon
and phenclic resins were each vacuum dried at 200°F prior to use. After blending,
the powder was compressed at 2000 psi under vacuum. The pressure was then re-
du~ed to 100 psi and the temperature to 325°F, and maintained there for 20 hours.
The molded part was post-cured in argon .or 87 hours at a maxiinum temperature
of 300°F.

Density can be varied by changing the proportion of phenolic microspheres or by
varying the molding pressure. When a series of densities in the range of 18-43 1bs,
per cu. ft. was prepared from a single formula (e.g. Composition 3), the variation
in density required crushing the phenolic microspheres during the molding cycle.®
Crushing makes the product porous due to the opening of the spherical surfaces. The
porous structure created is quite different from the internal structure of syntactic
foams and this influences its ablative and physical properties.

Processing - HAC Method

Hughes Aircraft Co. (HAC), determined that the 33.5 lbs. per cu. ft. nylon-
phenolic prepared by the Langley process had a heterogeneous microstructure. Large
nylon particles, voids and gaps were present and almost all of the microspheres were
fractured. Both nylon and microspheres appeared to be poorly wetted by the
phenclic resin. 8

The Hughes process differs from the Langley process in several 1mportant ways.
First, the Hughes formulation was designed to produce a 35-lb. per 3 material,
without crushing microspheres, by adjusting the quantities of ingredients. Second,
preselection of ingredients screened out clusters of phenohc microspheres and the
larger nylon particles. Thlrd the Hughes material was shaped into preforms and
heated dielectrically to 200° F in 35-seceonds, then introduced into a hot mold with
little pressure. The cure cycle was 90 minutes. After cure, the molding was
ejected hot.
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The molding was post-cured in an argon atmosphere for twelve hours while heating
to 350° F, then for six hours at 350°F, it was then cooled to 100° F over six hours.
Moldings showed a uniform microstructure, and low porosity.

Mechanical and Thermal Properties

Data on the mechanical properties of phenolic-nylon ablative material are scarce.
The tensile strength versus temperature of an unspecified composition is shown in
Figure 27. It has been reported that the tensile strength and compressive strength
at room temperature of Composition 3 (35 lbs. per cu. ft.) are 372 psi and 2690 psi,
respectively. 8

Data for thermal conductivity versus density in the density range 18 to 43 lbs.
per cu, ft. are given in Figure 28,

Ablation Properties

The ablation performance of phenolic-nylon was determined under two sets of
test conditions:

Constant Variants
1. Material composition and Stream oxygen content,
36 1bs./cu. ft. density heating rate and aerodynamic
shear stress
2. Heating rate, stream compo- Material composition and
sition, stream enthalpy and density.

aerodynamic shear stress

Results of ablation testing of Formulation Neo. 2 (36 lbs. per cu. ft.) are pre-
sented in Table 20 and Figures 29, 30, and 31,

The ablative effectiveness of Formulation 2 diminishes rapidly with increased
oxygen concentration in the gas stream and increases with increasing stream enthalpy.,
Increased heating rate in a low oxygen content stream increases surface temperature
in the heat radiation.

Little or no erosion of the ablator surface occurred in a pure nitrogen test stream.
With oxygen present, spalling occurred and the surface was pitted and rougher. Oxi-
dation of the char layer adds heat, reducing ablator effectiveness.

Susceptibility to shear stresses is shown in Figure 30, The ablation performance
as a function of stream oxygen content, aerodynamic shear stress, and mass flow at
two enthalpy levels and constant heating rate is given in Figure 31.

Data on the effects of composition and density variation on ablative performance’
have been obtained for three test conditions (Table 21). Condition I is direcily com-
parable to earlier figures and tables. Condition II data were obtained in a 6-inch sub-
sonic high temperature arc tunnel and compare the surface recession of ablators with
nylon contents of 40, 50 and 60 weight percent, (Figure 34). Condition III tests allowed
some direct heating to the back side of the specimens preventing direct measurement
of E-values which are based on total material degraded within a predetermined
exposure périod. '
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Table 20. —Summary of Results for Low-Density Phenolic-Nylon(Z)
(0 = 36 Ib/t*; w = 3 Ib/ft?; specimen thickness = 1.0 inch)?

i . Wt. Thickness, in.
Stream wl/:, 0y & g, | « | mo), | ‘00, | Eso0, | toss,
Specimen | diam. | ga_— | percent Btu/f%-sec | Btu/lb | Ib/ft? | Ib/f*<sec { seec | Btu/lb | percent | Total | Virgin | Char
in.
1 2 16 23 140 2200 | 5.91 | 0.0155 141 | 6560 | (@ (a) (a) (a)
2 2 16 23 206 3650 6.60 .0135 101 6950 92 0.15 0.12 0.03
3 2 16 11 107 2100 4.54 .0060 202 7200 (a) .19 (a) (a)
4 2 16 11 200 3500 6.43 .0065 140 9320 (a) .19 .09 .10
5 2 16 3 100 2025 4.12 .0016 234 7800 95 .15 .12 .03
6 2 16 3 128 2150 5.38 .0019 234 9984 94 34 .29 .05
7 2 16 3 170 2950 6.20 .0018 241 | 13660 (a) .20 .07 .13
8 2 16 3 201 3500 6.46 .0018 200 |} 13400 94 .20 {a) (a)
9 2 16 3 205 3625 6.52 .0018 229 | 15645 98 .29 .12 A7
10 2 16 3 207 3650 6.60 .0018 193 | 13300 95 .20 .02 .18
11 2 16 3 242 4000 7.20 .001% 207 | 16700 96 .09 .02 07
12 2 16 0 82 2000 3.41- 0 376 | 10280 9 .87 .02 .85
13 2 16 0 198 3550 6.35 (1] 292 | 19280 68 .75 .05 .70
14 4 4 23 78 2100 .76 .0091 282 7340 (a) .25 .04 .21
15 4 4 23 120 3550 .95 .0081 222 8870 (a) .20 (a) (a)
16 4 4 11 49 1800 52 .0032 388 5850 85 .50 .29 .21
17 4 4 1 50 1800 .52 .0033 382 6350 88 .43 .24 .19
18 4 4 11 102 3250 .84 .0036 280 9580 89 .37 .09 .28
19 4 4 3 50 1675 .55 .0010 471 7840 76 .78 .30 .48
20 4 4 3 78 2400 W72 .0010 427 11100 84 .68 .18 .50
21 4 4 3 103 3050 .87 .0011 364 | 12500 7 .78 .22 .56
22 4 4 3 130 - 3575 .. 02 .0011 314 1} 13600 71 .83 .21 .62
23 4 4 1] 49 1800 .52 0 594 9700 64 - .97 .14 .83
24 4 4 0 108 3300 .88 0 449 | 16180 65 .97 .02 .95
25 6 1.8 23 66 2350 .27 .0068 363 7990 (a) .48 17 31
26 6 1.8 23 104 3750 .38 .0066 281 9730 96 .32 (a) (a)
27 6 1.8 11 42 1750 .20 .0028 569 7970 83 .42 (a) (a)
28 6 1.8 11 66 2250 .27 .0034 445 9790 74 .72 .24 .48
29 6 1.8 11 68 2350 .27 .0034 406 9200 T2 77 .36 .41
30 [ 1.8 3 43 1750 .20 .0008 573 8210 78 17 .28 .49
31 6 1.8 3 66 2250 27 .0009 497 .| 10920 61 .85 .43 .42
32 6 1.8 3 80 3050 .30 .0008 453 | 12100 7 .87 (a) (a)
33 6 1.8 [} 39 1825 .18 0 797 | 10350 66 .90 03 .87
34 6 1.8 0 43 2250 .20 0 786 11250 74 .80 (a) (a)
35 [ 1.8 1} 97 3650 .34 0 461 | 15000 73 .80 {a) (a)
36 12 - .2 23 20 (L 0 (b) 934 6224 78 .72 .59 .13
37 12 .2 0 10 (b} 0 0 1260 (c) 47 .94 .60 .34
aSpecimen damaged before postexposure data taken.
b,

No spectrographic data available for 12-inch test stream.
®Test ended after 1260 seconds (T= 241 F(134 K) ).

“Formulation 2.
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Figure 27. —Ultimate tensile strength
of phenolic nylon, (¢

Figures 32, 33 and 35, while not directly comparable, show the combined effect
of composition and density. Densities were controlled in molding by applied pres-
sure, causing a proportional fracture and coliapse of the phenolic microspheres.
This increases the interconnected porosity in more dense samples which increases
their thermal conductivity. Therefore, maximum ablative efficiency occurs at an
intermediate density. A lower effectiveness at densities of 20 pounds per cubic foot
or below results from nonuniform char properties and increased spalling.

ELASTOMERIC SHi€LD MATERIAL

Flastomeric Shield Materials (ESM) have been under development at the Aero-
mechanics and Materials Laboratory Operation, Re-entry Systems Dept. of the Gen-
eral Electric Co.? This type of ablative material is a fiber—filled, foamed silicone
elastomer with a density range of 23 to 66 ll:s. per cu. ft. The fiber is randomly
oriented. The ESM compositions are blown or chemically expanded foams rather
than s-tactic foams. ESMs of the 1000 series are char forming, based phenyl methyl
silicones and additives to increase char stability.
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Table 21. —Summary of Materials and Test Results{?

Composition Block E, E, 03 char’
reent b wei'ht Type of densit, Btu Btu_ i
pe y Wwetg material, b Y b b 2 -sec
Phenolic | Nylon | Microballoons m . . . molded (Condition I) (Condition I (Condition T
25 50 25 m 21 12,420 —— -—
25 50 25 m 24 14,445 14,050 0.070
25 50 25 m 31 14, 900 14,450 .030
25 50 25 m 35 14,270 ——— 011
25 S0 25 m 43 11,750 10,450 011
15 50 35 m 19 13,320 15,500 0.126
15 50 35 m 25 15,425 16,200 .050
15 50 35 m 3¢ 14,150 15,450 .019
15 50 35 m 36 14,225 18,400* .034
15 50 35 m 42 12,590 12,750 .016
25 40 35 m 18 13,100 17,000 0.042
25 40 35 m 23 13,850 16,200 .021
25 40 35 m 30 13,815 16,100 -..004
25 40 35 m 37 13,850 13,750 0
25 40 35 m 43 11,460 —— -
35 30 35 m 24 14,600 13,100 —-—
35 30 35 m 30 —_— . 15,200 -—
35 50 15 m 36 13,250 16,000%* -—-
- 25 60 15 m 36 13,665 16, 700* —_—
15 60 25 m 36 13,015 17,000* —
35 40 25 m 3% 12,780 17,100% -
35 40 25 m 30 —— 14,700 _—
#Indicates E based on time of 60 seconds.
d! H!
Te.s t Btu Btu P, Strea_n! Termination of tests
condition 7 . atm composition
ft°-sec b
1 110 2,300 1.0 97 percent N, Tests stopped when back surface temperature i
3 percent O, increased 300°R !
I 350 2,300 1.8 97 percent N, All tests stopped at 10 sec
3 percent Oy !
m 500 12,500 1.0 Air Tests were stopped at 30 or 60 sec
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Figure 28. —Effect of density on thermal conductivity
of uncharred material. (¢)

Environment Compatibility

Development of the ESM family anticipated a mission temperature cycle of
£300° F prior to re-entry. Phenolic-glass honeycomb in the composite upgrades re-
sistance to re-entry shear forces. A phenyi-substituted silicone in place of methyl
silicone polymers retains the elastic properties of the matrix filler at much lower
temperatures.

Cornposition

Typical ESM compositions are:

1. ESM 1001 P Parts by weight
RTV 560 94,9
Asbestos Fiber 4.3
Glass Fiber 0.8
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Figure 29. —Effectiveness of 36 Ib/ft>
phenolic-nylon as a function of heat-
ing rate and stream chemistry.
Formulation 2.
2, ESM1904 B P Parts by weight
RTV 560 90.5

Aluminum Silicate Fiber
Asbestos Fiber
Glass Fiber

S Wo
(%) = o)

Density
Range, 23-66 pounds per cubic foot

ESM 1001 P, 37.7 pounds per cubic foot
ESM 1004 BP, 39.0 pounds per cubic foot.
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Figure 30. —Effectiveness of 36 1b/ft® phenolic-nylon
as a function of heating rate, stream mass flow,
~and aerodynamic shear stress. Formulation 2.

Processing

The selected formula was combined with a silicone catalyst and a blowing agent.
Foaming and curing can be accomplished between room temperature and 140°F to
yield materials with densities ranging from 20 to 80 lbs. per cu. ff. A preferred
density range is 23 to 66 lbs. per cu. ft.

The compositions are foamed in trays either with or without phenolic-glass noney-
comb. A honeycomb reinforced composite is obtained by pouring the liquid formula-
tion into a mold and f rcing the glass-phenolic honeycomb into the resin until it seats
on the lower surface of the mold. Foaming fills the honeycomb cells. Following the
initiai cure, the material is post-cured for ten hours at 300 F.
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Figure 31.—Effectiveness of 36 1b/ft> phenolic-nylon
. as a function of stream chemistry, enthalpy,
mass flow, and aerodynamic shear stress.
Formulation 2.

Mechanical and Ablation Properties

Properties are presented in Tables 22 through 27 for both ESM 1001 P and ESM
1004 BP. The ultimate strengths of these at 77°F and at 300°F (Tables 22 and 23) are
low which may account for their poor ablation effectiveness under high shear.

Thermophysical properties reported for ESM 1001 P and ESM 1004 BP include
thermal conductivity and specific heat, presented in Tables 25 and 26.

Table 27 covers the ablative performance. By comparing these data with that of
Table 19, it may be seen that ESM is similar to ""Purple Blend" in ablative effective-
ness. The ablative eifectiveness of the unreinforced composition ESM 1004 BP ap-
pears to be sensitive tc aerodynamic shear forces.

'
S
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Figure 32. —Combined effect of density and composition
on effectiveness.
Table 22. —Tensile Properties: ESM 1001 P and 1004 BP
Ultimate % Strain at
Formulation | Temperature |Elastic Modulus, psi | Strength, psi Failure
ESM 1001 P -280°F 2.11 x 10° 1500 0.83
300 225 36.8 21.0
ESM 1004 BP -280 2.11 x 10° 1540 0.93
-130 . 873 302 31.0
- 35 296 86 30.0
77 356 75 21.0

EPOXY-NOVOLAC BASED ABLATOR

The epoxy-novolac syntactic foam resin system, selected for the Apoilo heat

shield is a proprietary formula, AVCO 5026-39,
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Figure 33, —Effect of density on the effectiveness of phenolic-nylon.
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Figure 34. —Effect of nylon content on surface recession,
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Figure 35, —Effect of density on effectiveness.

Table 23. —Tensile Shear Properties (Double Lap Shear)#*

Formulation Temperature, °F Ultimate Strength, psi
ESM 1001 P 300 28.5
7 28,7
- 35 51.5
-130 162,5
-280 695.0
FZM 1004 BP 300 35.8
RT 24 .4
- 35 64,9
-130 223
-280 940

*Bonded to aluminum with RTV-569; two-square-inch total cross-section
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Table 24. —Compre .»ion Properties ESM 1001 P and 1004 BP

. Temperature, Elastic modulus, Stress at 25%
Formulation P . . .
F psi deflection psi

ESM 1004 BP#* 17 99 24

130 88 20

280 77 18

ESM 1001 P* 77 68 17

130 105 24

280 114 25

-130%* 116 23

~160¥* 213 43

*Specimen size 1x 1x 1inch
*%*Specimen size 6 x 6 X 0.25 inch

Table 25. — 7 hermal Conductivity of ESM 1001 P and 1004 BP

. Density, Temperature, Thermal conductivity,
Material /it . °F Btu/ft>-sec-°F
ESM 1001P 37.7 100 2.45 x 107°
200 2.32 x 1075
300 2.20 x 1075
400 2.08 x 107°
500 1.90 X 10-5
600 1.82 x 107°
ESM 1004 BP 39.0 100 3.00 x 107°
200 2,88 X 1075
300 2,78 x 1075
400 2.66 X 107°
500 2.54 x 1075

~ Table 26. ~Specific Heat of ESM 1001 P and 1004 BP

Lo Density, Heating rate, Temp. range, Specific heat,
Material b/t °F /min. °p Btu/1b-°F
ESM 1001 P 37.7 5.2 -200 to +300 0.38
300to 600 0.50
ESM 1064 BP 899.0 ; ~250 to +500 0.24 to 0.51
i
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Table 27%. —Ablation Performances
Phenolic-Glass Honeycomb Reinforced ESM

Material w | 3}02% *300 q H T W/A E

ESM 1001 P  [2.95| 3.5 304 111 | 3300 | 0.5 0.35 | 11,420
ESM 1001 P [2.98 | 3.7 320 126 | 3200 | 1.5 0.15 | 18,510
ESM 1001 P* |2.97| 3.7 325 120 | 3200 | 1.5 0.15 | 13,100
ESM 1004 BP* 3.7 108 124 | 2700 | 4.5 0.35 | 4,400
ESM 1004 BP#¥ 3.7 338 114 | 3200 | 1.5 0.15 | 13,200

#Split honeycomb for columnar reinforcement.
#*#Not reinforced.

Composition

Epoxy-novolac resin, filled with fibers and phenolic microspheres. The curing
agent may be methyl nadic anhydride or a similar system to provide a high heat dis-
tortion temperature.

Cure .

3/8" cell, phenolic fiberglass honeycomb reinforcement. The uncured filled res-
in is inserted into the honeycomb cells and the composite is then cured.

Density - 31 lbs. per cu. ft. {nominal)

The re-entry environment parameters are listed in Table 9. Extensive data have
been developed to prove thermal insulative, shape stability and ablative performance
and to meet the cold requirements of -150°F. Expansion-contraction stresses on the
structure and heat transfer rates have been the subject of extensive testing.

Fabrication

High reliability has been a dominant goal in procedures for the fabrication and
application of the heat shield. Vacuum bonding is used to anchor sized, molded~
honeycomb sections of the heat shield to the substructure. After filling the cells with
the resin ablator system, and curing, a final complex machining controls thickness
and structural weight.

Storage and handling of the resin are closely controlled. The filled resin is
stored in 1,5-inch diameter plastic cartridge tubes at 30°F. Before use the tubes are
warmed in a dielectric oven, then the tube is inserted into the barrel of a gun heated
by electrical tape. The gun nozzle is inserted in the honeycomb cell, air pressure is
applied and the material is blown out in littie globules deep into the cell.
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Table 28%. —Mean Specific Heat Vs. Temperature:
AVCO 5026-39

Mean Temperature Mean Specific Heat
°F Btu/lb/°F
l124 0.19
+113 0.31
146 0.34
212 0.38

The 370,000 cells, with a cell size of 3/8 inch diameter, are each filled with
ablative material. Thus far, the manual approach has the highest reliability. Elec-
trical timing automatically measures the amounts of ablative material.

Thermophysical Properties

] Thermophysical properties available for AVCO 5026-39 include mean specific
heat (Table 28), and thermal conductivity (Figure 36). The mean specific heat is
similar to that for DC 325 and NASA '"Purple Blend."

SPRAYABLE SILICONE-BASED ABLATOR (MARTIN MA-25S)

The MA-25S ablator material is a proprietary two-part silicone elastomer system
filled with microballoons. It was developed by Martin-Marietta, Baltimore, to ex-
pand the flight envelope of the X-15-2 hypersonic aircraft to Mach 8 by limiting the
back side temperature to a design goal limit of 600-700°F.

Applications

The MA-25S material permits on-site application of refurbishable ablative coat-
ings for space research vehicles for NASA FRC, Edwards AFB.1? The MA-25S spray-
able system was selected after a screening test program at the University of Dayton
and arc funnel tests and structural tests at Langley Research C«nter. The objectives
were to acquire operational experience in rapid refurbishment by quick spray-on and
removal ~f coatings and to achieve economy for recoverable vehicles by avoiding
fabrication from more expensive structural materials.

The presence in one area of an FM radio type antenna with a 6-inch protrusion
caused the high shear, high heat flux environment during flight, so a molded material
with improved thermomechanical properties has been developed. This is fabricated
from the same silicone elastomer, is filled with microballoons and reinforced with
silica fibers. The material must not interfere with radio communication. It must be
transparent to 250 megacycle and C-band 5700 megacycle frequencies.
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Total system weight of the applied protective coating is not less than 300 lbs. nor
more than 400 lbs. Section thickness is built up to 1/2 inch along leading edges,
wings and fins. The upper rear fuselage receives a very thin coating.

Process Application

The MA-258 is a solvent system. Spray processing technique involves two-
component metering in the temperature range of 30 to 90°F. The proportion of cata-
lyst delivered for mixing with the solvated resin in the head of the spray gun is regu-
lated in relation to the ambient temperature, providing approximately wiform cure
rates. Surfaces are primed with a silicone primer. For refurbishment, the ablated
coating is removed manually down to the primer. Coating thickness depends on the
number of spray passes.

Physical Properties

Physical properties for MA-25S are shown in Figures 37 and 38.
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Thermophysical Properties

Thermal expansion, thermal conductivity and specific heat are presented in
Figures 39, 40 and 41, respectively.
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Figure 37. —Tensile properties of MA-25S stress versus strain
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Chapter vV

FOAM SYSTEMS FOR CRYOGENIC INSULATION

PERSPECTIVE

Foams are widely used to insulate launch vehicles that use cryogenic propellants.
In particular, thermal protection for hydrogen propellant limits tank pressure rise and
minimizes evaporative loss during prelaunch hold periods, the boost phase, and in
space during sustained flights.

The two principal categories of cryogenic insulation for flight systems are rigid
polyurethane foams combined with vapor barriers and multiple-layer, highly reflecting
radiation shields separated by spacers or insulators in high vacuum. Thermal con-
ductivities of foams are controlled by the interstitial gas and are much higher than that
of insulation using vacuum. In spite of these factors, advantages of weight, cost, pro-
ducibility, and reliability of current composite foam insulations account for their choice
for short-term missions requiring space-borne liquid hydrogen tankage.

Thermal insulation for liquid hydrogen may be internal or external to the tank
wall. The insulation should be provided with a barrier that prevents its filling with a
liquid which would greatly reduce its effectiveness. Thus, for internal insulation, a
hydrogen barrier is required; for external insulation, a barrier must exclude moisture
or air which can cryopump into the insulation.

There are three basic types of foam insulation systems for liquid hydrogen tanks

_(Figure 42), 1 Internal seal.d-foam insulation is utilized on the Saturn S-IV and S-IV-B
stages. External foam insulation systems, as tested on the Centaur vehicle, are either
helium purged or vapor sealed.

The final insulation configuration is specific for each system or mission. It is
determined by a trade-off among, (1) minimum flight weight design, (2) effectiveness
of the insulation, and (3) allowable propellant boil-off. The choices depend on the
relative times involved in the hold, boost, and flight phases of the mission.

Varying concepts have been utilized to provide structural integrity of low density
foam insulation and an effective barrier to fluid.

NASA's Lewis Research Center has investigated hermetically sealed foam insula-
tion and has extended this to full-scale liquid hydrogen tank tests. A design goal is to
obtain a thermal conductivity for the complete insulation system as low as that of the
basic foam. A positive seal would insure that neither gas nor liquid is eryopumped
into the insulation.

A lightweight insulation system developed by Lewis Research Center used panels
of low density polyurethane foam hermetically sealed with a thin film laminate of
Mylar and aluminum foil,? The panels were bonded and sealed to the outside walls of
the tank and gained structural rigidity by a prestressed wrap of fiberglass yarn.

e
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Figure 42. —Basic types of foam insulation systems
for liquid hydrogen tanks.
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Calorimeter tests measured the thermal conductivity of variations of the system.
Subscale tank tests were used to develop insulation application techniques, to evaluate
thermal and structural performance, and to determine the effects of aerodynamic
forces and heating encountered during launch. Ground-hold boil-off tests were con-
ducted on full-scale tanks. The insulation system finall, developed was applied to a
Centaur liquid hydrogen tank for test purposes.

The complexity and reliability requirements of current vehicle systems used in
manned-space studies have increased holding periods. An analysis at Martin-Marietta
Corporation, Denver,® concludad that, on a volumetric basis, the boil-off of liguid
hydrogen would be 37.7 times as great as that of liquid oxygen in uninsulated tanks of
equal size under normal atmospheric conditions. The behavior described points to the
need for extremely effective insulations for liquid hydrogen propellant tanks {Figure 43).

INSULATION DESIGN FACTORS

The choice of insulation for a particular cryogenic application is generally a com-
promise between such factors as: (1) permanence of thermai properties, (2) insulation
flight weight, (3) volume, (4) producibility, (5) capability of insulation to operate under
ground and air-borne conditions, (6) reliability of insulation after handling and repeated
use, (7) influence of insulation on other vehicle components and materials, (8) extent
of auxiliary equipment required to make the insulation function effectively, (9) ease of
maintenance, and (10) cost.

Table 29 presents data on thermal conductivity and density for a number of common
insulation materials. Figure 43 summarizes in graphic form: (1) the insulation weight
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Figure 43.—A comparative study of airborne
liquid-hydrogen tank insulation.
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per square foot, (2) the heat transfer rate, and (3) the resulting liquid hydrogen boil -

off, expressed as percent of tank volume per hour. These data are based on a tank 33
feet in diameter and 50 feet long, approximately to the liquid hydrogen tank size of the

Saturn series of lauvnch vehicles. An outside air hea’ transfer coefficient of

2 Btu/hour-ft2-°F is assumed.

Eifect of Cryopumping on Thermal Conductivity

The thermal conductivity of low density polyurethane foam is 0.11 Btu-in/hr-ft?-°F,
while the "K' factor for gaseous hydrogen approaches 0.65 Btu-in/hr-ft>-°F. Assum-
ing it is either impossible or impractical to keep gaseous hydrogen from entering
polyurethane foam installed inside the cryogenic tankage, the foaw insulation takes on
the "K" factor of the saturating hydrogen gas. This degradation of the "K' factor
from 0. 11 to 0. 65 is avoided by external sealed insulation systems, External insulation
is susceptible to cryopumping problems, particularly in the event uf handling damage
and subsequent repair and checking procedures. Minimizing cryopumping generally re-
quires a purge gas such as helium which, once it saturates the foam, degrades the '"K"
factor from 0. i1 Btu-in/hr-ft>-°R to 0.7 Btu-in/hr-ft>-°R of the helium gas.

-
<
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Table 29. —roperties of Various Insulating Materials

Insulation Btu /hr—kf-ta-°F Jin. | b /pft3 kp  |Insulation pressure
Materials
Silica Aerogel 0.12 8.5 1.02 Air environinent
Polyurethane foam 0.20 2.0 0.40 1 atm
Kapok 0.24 0.88] o¢.21
Corkboard 0.50 20.0 6.0
Balsa wood 0.36 8.0 3.88
Teflon 0.60 —_ _
Rubber 0.98 75.0 73.0
Multilayer (S-I) Insulation
S-110 0.00078 2.5 | 0.00200 107! mm Hg
S-112 0.00108 2.0 | 0.00200 107 mm Hg
S-I 44 (formerly 4) 0.00024 4.7 | 0.0011] 107 mm Hg
S-1 62 0.00022 5.5 | 0.0012] 107 mm Hg
S-1 62 0.0072 —— —— |15 psi external load
S-I 91 0.00012 7.5 | 0.009 10~ mm Hg
Opacified Powders
Santocel A" 0.0011 6.0 0.0066 10~ mm Hg
Perlite 0.000864 8.0 | 0.0069] 107 mm Hg
Cab-o-sil 0.0014 4.5 0.0063 10~ mm Hg
Micro-cell 0.0042 _ _— 107 mm Hg
Fiberglass :
AAAA 2.2 x107% in. dia. 0.01 4.0 | 0.05 10~ mm Hg
fiber-heat felt ,
AAAA 2.2 x107% in. dia. 0.03 1.04| 0.03 103 mm Hg
fiber-heat felt
AAAA 2.2 Xx107° in. dia. 0.21 4.0 | 0.84 1 atm
heat felt

EXTERNAL INSULATION~EVACUATED

If only thermal conductivity and the elimination of condensation are involved,
evacuated muiltilayer insulation is far superior to all other insulation systems. 1%
However, the problems and costs of fabricating and maintaining a vacuum-jacketed
insulation severely restrict its use for flight vehicles. Although it is used for
ground storage vessels for liquid hydrogen, for space vehicles, 2 means must be
provided to maintain a vacuum in this type of insulation jacket during ground hold and
boost through the atmosphere. Rigid foams are suitable for use as the core material,
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since they readily sustain loads imposed by evacuation. Low outgassing in a hard
vacuum is an important criterion in selecting such foams.

The vacuum jacket insulation system is also susceptible to puncture. The re-
quirements for repair, bakeout, and re-evacuation constitute further limitations in
the application of this insulation system on current spare vehicles that may use in ex-
cess of 5000 square feet of insulation,

Foam Insulation in Saturn Vehicles

The cryogenic foam insulations found in the various stages of the Saturn family of
vehicles are summarized in Table 30.

The treatment of vehicle insulations will be presented according to foam location,
whether internal or external to the tank wall.

INTERNAL FOAM INSULATION

This concept places the insulation material within the tank wall, to which it is ad-
hesively bonded. The insulation is neither evacuated nor cryopumped, and radiation
shields are eliminated. Three concepts are considered for classification,

In the first, an open-cell foam is covered by a liner or barrier which is permeated
by hydrogen gas, but impermeable to liquid hydrogen. Such a barrier is termed "fly
screen' by designers. The liner must withstand the static pressure involved, but not
the large differential pressure caused by tank pressurization. By applying the foam
as shingle blocks and bonding these at liner joints with a rubbery urethane adhesive, a
structural joint is made which can withstand the thermal stresses imposed. As in the
case of helium-purged insulation, foam which has become permeated by gaseous hy-
drogen will tend to assume the thermal conductivity of the contained hydrogen gas.

A second configuration of internal insulation assures that all cellg are axial to the
tank wall. End-grain Balsa wood and honeycomb core filled with foam are examples.
The heat transferred through the cell is again primarily the result of gaseous hydrogen.

The third insulation concept employs a liner or barrier which is impermeable to
both liquid and gaseous hydrogen. Hence, it must withstand forces gencrated by the
gaseous and liquid hydrogen and remain sufficiently elastic at cryogenic temperatures to
withstand the temperature gradients developed. A closed-cell foam with or without an
elastic bladder would serve as an example.

The internal foam insulation adopted for the S-1V/Saturn I and S-1V-B/Saturn V
* stages was of the first configuration. In these structures the foam insulation is
covered with a "fly screen' liner which permits entry of the gaseous hydrogen, but
prevents permeation of the liquid hydrogen.

The development of such an internally bonded insulation offered (1) less difficulty
in bonding insulation internally to a surface above -100°F than in bonding externally to
a surface at ~423°F, (2) no cryopumping of air and no increased heat transfer rate
caused by the presence of liquid air, (3) minimizing of liquid hydrogen boil-off during
loading, and (4) better ground handling and ground environmental protective
- characteristics.
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Saturn Third Stage, S-IV-B/V Insulation

The S-IV-B third stage of the Saturn V uses both liquid hydrogen and liquidonygen
cryogenic propellants to provide escape velocity for large payloads such as the Apollo
spacecraft. The S-IV-B vehicle, developed and manufactured by the Missile and Space
Division of Douglas Aircraft Co., is 22 feet in diameter and 58 feet in length. The
tankage capacity approximates 230, 000 pounds of propellant. The stage has stop and
restart capability.

The liquid hydrogen tank of the S-IV-B stage is internally insulated with a poly-
urethane foam. "

The components of the composite insulation for liquid hydrogen are:

(1) A foam core which serves as the primary thermal barrier and which has suf-
ficient structural integrity. The foam used is a CPR (Division of Upjohn Co.), Series
20, 3 pef. density polyether polyurethane, closed cell, Freon blown system which is
cured at room temperature. This foam is reinforced in the "X, " "Y" and "Z" axes with
fiberglass threads. The density of the glass reinforced foam is 5.2 lb/ft. The two-
part polyurethane system is cast into a block in the three planes and is then fabricated
into insulation tiles (Figures 44 and 45).° The disposition of the filament reinforcement
has led to the descriptive name of "three-dimensionally reinforced foam" or simply
"3-D foam."

(2) A l_il_lgg that physically ties together the individual foam segments, prevents
surface cracking in the core, and acts as a base for a seal coat. The liner for the
S-IV-B consists of a No. 116 fiberglass cloth impregnated with a polyurethane resin.

(3) A polyurethane resin sealer that acts as a barrier to retard hydrogen permea-
tion and prevent moisture penetration.

It is helpful to visualize the dome and common bulkhead design of the vehicle to
appreciate the methods of installation and attachment of the foam tiles. The S-IV-B

POLYURETHANE
FOAM
2" THREADS

i

“X'* THREADS

Figure 44, —3D foam.
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NARMCO 73437139 ADHESIVE IMPREGNATED
#116 GLASS FABRIG LINER (1 FLY)
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Figure 45.—Internal insulation.

system of LOX and liquid hydrogen tanks is fabricated with a common bulkhead. The
hydrogen forward dome, the LOX tank aft dome, and the common bulkhead domes are
hemispherically shaped aluminum structures with nine gore segments. The common
bulkhead has a forward and aft dome with a 1-3/4-inch layer of fiberglass phenolic
honeycomb core bonded between the dome.

The liquid hydrogen tank is fabricated from seven welded, chem-milled 2014
aluminum alloy sections. The chem-milling results in an integrally stiffened 9" x 9"
geodesic structure which presents a very complex inner tank surface to which the
foam insulation must be adhesively bonded. This surface is shown in Figure 46 where
the cylindrical skin section of the LH, tank is being coordinated to the LOX tank.
After assembly, the metallic structure is hydrostatically tested.

Each vehicle has approximately 4300 sculptured "3-D'" foam insulation tiles. The
composite foam and reinforcement has a density of 5.2 pounds per ft3. The first step
in the production of the reinforced foam is the insertion of the "X'" and "Y" fiberglass
threads. The weaving machine for placing warp threads about special peripheral
frames (13" x 13") is shown in Figure 47. These frames are alternately stacked at
right angles to each other to arrange reinforcing threads in two of the three axes. A
second weaving machine inserts the "Z" axis reinforcement. 4

The details of the reinforcement are as follows:

i

Axis Distribution ends per in Reinforcement Wt. oz.
X 25-30 CAP ECG 150 -1/0 1.0
25-30 CAP ECG 150 -1/0 1.0
Z 25-30 CAP ECG 140 -3/2 3.8

The glass thread reinforcements were supplied by Owens Corning Fiberglass
Corp., with an epoxy compatible finish such as EGP-682.
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Figure 46. —Cylindrical LH, tank skin section.

After the thread frames were stacked to 7-1/2 inches, and the "Z" threads woven
into place, a demountable mold was placed around the frame stack and the polyure-
thane reactants poured into the mold and foamed in place up through the specially dis-

tributed reinforcing threads. Aiter the foam formed it was cured at room temperature
and subsequently removed from the mold, A standard foam block size is 13" x 13" x
7-1/2".

Next, the reinforced foam block is either band-sawed into slices for turning or
cut on a 130-inch radius to conform to the cylinder sidewall shape.




L

Figure 47. —Tile insulation fabrication '"X" - "Y' weaving machine.

Various tiles fabricated from the rough "3-D" foam block are pictured in Figure
48. Tile block sizes are generally 9" x 9' x 1' thick. Thickness sections of 1/2" to
3/4" are cut for special areas.

For installation, the tank is mounted and the tiles are delivered by conveyor
through the door in the upper dome into the liquid hydrogen tank itself. There are two
distinct operations: (1) tile bonding to the aluminum tank using the epoxy adhesive and
(2} application of the protective liner using the polyurethane adhesive. Limited pot life
of the adhesive and the large size of the tanks requires each of these operations to be
accomplished incrementally.

"3-D" foam tiles are then progressively installed within the tank. The assembly
chamber temperature is held at 55 to 65°F to extend the life of the catalyzed adhesive.
¥For curing a polyvinyl chloride vacuum bag at a pressure of 15 inches of mercury is
used fo press the tile against the inner tank surface, while the temperatures in the
tank and chamber are increased to 110°F,

The inner surface of the installed tile is covered with an 0, 005-inch-thick protec-
tive liner composed of #116 fiberglass cloth (0. 004 inch) laminated in position with a
60-percent polyurethane resin- (Narmco 7343/7139) to-glass ratic by weight.




Figure 48. —Tile fabrication display.

The overlay barrier is permeable to gaseous hydrogen, but not to liquid hydrogen.
This effect is xnown as the "fly screen’ effect, and assists foam survival. The tank
is finally postcured at 160°F for 24 hours, given a final cleaning, the probes installed
and the tank sealed. : ‘

The development of the "3-D" fiberglass reinforced polyurethane foam tile by
Douglas Aircraft Co. is an example of a practical solution to the problems of cracking,
splitting, and separation.

The composite insulation has been tested for structural integrity under vibration,
temperature and pressure environments simulating Saturn 8-1V and S-1V-B flight con-
ditions. Structural property data at liquid hydrogen temperatures are as follows:

Without
fiberglass
reinforcement Reinforced

Average compressive strength, psi 75 220
Average tensile strength, psi 50 160
Modulus of elasticity, psi - 2.1x 10°




The thermal conductivity of the "3-D" foam has been reported® to range from 0. 14
to 0.23 Btu-in/hr-ft3-°F, 0.2 representing a working average. Upon filling the tank
with liquid hydrogen, simulating a ground hold, draining the tank and repeating this
cycle, the overall heat transfer coefficient U changes to 0.4 for two cycles, equivalent
to that of hydrogen gas (Figure 49).

A relationship to predict transient heating rates during the 4. 5-hour orbital time
of the S-IV-B stage has been developed (Figure 50). The mean temperature of the in-
sulation varies between - 170°F and -350°F.

EXTERNAL FOAM INSULATION-—GAS-PURGED

An external gas-purged foam insulation for cryogenic tankage must be covered
with some form of vapor barrier or shroud. The space between the tank wall and the
shroud is ordinarily purged with helium gas to eliminate air condensation. Helium
gas, because of its low boiling point (-452. 1°F), remains gaseous even adjacent to
liquid hydrogen (B. Pt. -423.2°F). . Unfortunately, the insulation then has the approxi-
mate thermal conductivity helium ("K" = 6.7 - 0. 8 Btu/hr-ft?-°F).

If the insulating system combines multiple radiation shields with a foam
layer both perform best in vacuum. The purge gas concept eliminates some
of the vacuum problems; however, its poor thermal conducitivity limits the
system.
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External Insulation for the S-II Vehicle

The insulation for the S-II stage of the Saturn V vehicle is external and purged
-with helium gas. T Purging overcomes two problems, first the cryopumping of air
through minute holes in the -outside surface laminate and through inadequately sealed
areas and, second, the possible presence of liquid oxygen, caused by fractionation of
cryopumped air. The foam is LOX-incompatible, and the cryopumped air, on vapor-
ization, expands 800-fold, so damage could occur.

The insulation is a 1. 6-inch thick HRP (heat resistant phenolic) honeycomb core
with a 3/4 inch cell size and 1.9 lbs /ft® density. The cells are filled with 2 1bs /£t%,
Freon-blown, rigid polyurethane foam (CPR-9005-2 DAC).

The foam cell size is less than 1/32 inch diameter. The polyurethane foam is a
polyether type based on a polymethylene polyphenyl-isocyanate. The foam material
is produced by a one-shot process in block form. The foams have excellent flame-
retardant properties and remain stable at high temperatures.

The CPR-9005-2 DAC foam has sufficient rigidity to permit pressing the foam
into the honeycomb cells without tearing. '

The outer shroud is 0. 002-inch Tedlar film, heat sealed to a two-ply nylon-
phenolic laminate. The laminate is bonded to the core with an epoxy-phenolic adhe-
sive. The thermal conductlwty of the system without helium purging is
0.25 Btu-in/ft*-hr, -° :

Aerodynamic heatmg at a major surface may cause the tempera.ure to rise to
+365°F during the flight time of about 190 seconds. In contrast, the ingide tank tem-
perature is at -423°F, so there is a temperature differential of about 790°F across a
1. 6-inch thickness. In localized regions, where shock waves may boost the tempera-
ture to 700°F, a thicker section of foam of even smaller cell size than the 1/32 inch
diameter is applied.

o (67




Thermal stability of the foam material is thus of considerable importance. A

" characteristic temperature-time.profile of the insulation surface is shown in Figure
51. The foam functions by storing heat and transmlttmg 1t at an acceptable slow
rate for the 190 seconds boost period.

The temperature effect on the external irnsulation of the S-II after launch is not
as severe as for an upper stage with a longer flight time. The S-II is to be fired
immediately after the S-I-C firing which has a duration of about 155 seconds. Thus,
the total flight heating time for the S-1I is approximately 345 seconds.

The communication required between the honeycomb cells for the helium purge
was provided by saw cuts 1/16 inch wide and 3/16 inch deep into the walls of the
honeycomb adjacent to the tank. These slits, on 3/4 inch centers, were made in the
X- and Y-axes, forming an intersecting manifold network.

The cuts (a) provide a helium path for purging, (b) keep the pressure differen-
tial at a minimum, (c) pern::t leak detection, and (d) provide insulation.

For the primary insulation of the S-1I, polystyrene bead board has been suggested.
The thermal efficiency and cost weight data are attractive but the aerodynamic heat
generated in the airborne trajectory and the low heat distortion temperature could
eliminate this material.

The original insulation concept for the S-II booster was a composite of rigid
polyurethane foam (2 lbs/ft3) supported in 3/4-inch cell size, fiberglass, phenolic
honeycomb core and bonded to the exterior of the liquid hydrogen tank wall. The
initial design minimized hydrogen boil-off. Subsequent data and analysis by NAA
(S&ID)® on stratification in liquid hydrogen necessitated redesign to limit heat leak dur-
ing the boost phase. In the redesign, the foam fill was reduced to 40-50 percent of the
honeycomb volume. The remaining foam was disposed at the center of each cell,
gaseous helium occupying the space on either side of the foam (Figure 52). This a{p—
pears to involve a new technique for insertion of the premolded foam. The fuel saving
gained by this weight reduction is considerable since one pound of structural weight is
~eguivalent to 50 pounds of fuei.

ko -

Figure 51, —Illustration of temperature-time profile for S-II
insulation during boost.
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The design study included development of a matkematical model for thermal con-
ductivity of partially foam/,,filled honeycomb. Samples were evaluated in a thermal
conductivity apparatus. Experimental values of effective thermal conductivity of
1.2 - 1.3 Btu-in/ft’-hr. -°F, for a 40 percent foam-filled horcycemb, were obtained,
confirming the theoretical analysis.

The foam was installed in the center 0.8 inch of 1. 6-inch high fiberglass phenolic
honeycomb core having a cell siz> of 0.75 inch. The remainder of the cells were
flooded with helium gas to avoid tne combustion hazard of cryopumped liquid oxygen
from potential leaks in the Tedlar-nylon phenolic outer barrier, The partially foam-
filled honeycomb cells gave a "K" factor substantially the same as for helium gas
("K" for helium—1.1 Btu-in/ft>-hr. -°F at a mean temperature of 145°F). Leaks can
be located in the outer barrier when "sniffed'' with a helium -letector.
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EXTERNAL FOAM INSULATION—SEALED

The following section describes cryogenic insulation when the foam, within an im-
permeable membrane, is attached outside the LH; tank to function without a gaseous
purge.

The use of low-density polyurethane foams in sealed cryogenic insulation systems,
such as the Centaur lightweight insulation, has been investigated by Goodyear Aero-
space Corporation.? Tke objectives were to optimize the material, the configuration,
and the vapor-barrier ceal. The investigations covered (1) optimum hole pattern in
the perforated foam, (2) outgassing characteristics, (3) effects of cell structure, and
(4) compression characteristics. The helium permeability of vapor barrier films and
adhasives was measured by mass spectrometer techniques.

Outgassing Characteristics

Goodyear analvzed foam ior outgassing characteristics, to develop optimum tech-
niques for preconditioning the foam. Outgassing is important when foams are installed
as sealed insulation and subject to vacuum from cryopumping. The tests included
vacuum conditioning at room and elevaisd temperatures and alteration of foam formu-
lations to eliminate constituents which would outgas at vapor pressures of 10~4 torr or
less. The weight-loss equipment consisted ¢f an automatic recording vacuum balance,
pumping system, specimen chamber, and vacuem-monritoring gauges.

The test samples, 2-inch x 8-inch in area, varie¢ from 0. 020 to 0. 060 inch in
thickness. The specimens were preconditioned for 16 hours at 75°F and 45 percent
relative humidity. Vacuum was reduced stepwise and weight loss recorded for one
hour. Elevated temperature test samples were maintained at 300°F during the vacuum
cycle. Preliminary tests reduced the rigid polyurethane foam candidates to four:

(1) 2 pf.3 white closed cell by GAC (Goodyear Aircraft Corp.)

(2) #107754-3, 2.31 pf° open cell by Mobay Chemical Co.

(3) #107754-7, 2.18 pf® open cell by Mobay Chemical Co.

{4) 81080, 1.7 pf° open cell by Upjohn Co., Carwin Division,

The results are summarized in Table 31. A typical outgassing weight loss curve
for Mobay Chemical Co. #107754 foam is shown in Figure 53. The greatest weight
loss occurs in the 500 micron to 10 micron pressure range. By the time 104 to 107°
torr is reached, all the volatiles appear to have left the system. Foams exposed to
both vacuum and temperature environments experienced greater weight losses.

Effects of Foam Cell Structure

During Goodyear's evaluation it was noted that reticulated flexible foams possess
an almost ideal cell structure. It is so open that preinstallation ouigassing is easy.
Several attempts were made to rigidize the flexible foam structure by impregnation
with rigid polyurethane varnish and other agents. This approach was later abandoned
in favor of finding a suitable rigid open--cell formulation. Radiation cross-linking was
not considere ",

100 o



oV '8%¥8 83 '#8%8 (Sum) Eﬂomm

gV a937e JySIem
g8 '1 68°1T 26°1 m 8L°T $89°0 8T '3 13°1 ss0] uSrom A
1°09 ¥°g¥ G -89 m, 6T €9 ¥°62 10 *69 8338 (3w) ssof WSoM
L°6L1S | 1°9288 L 6v¥e : TS°8SPE | €°98S€ | SL°829% | 26°399% | (Sw) JyStom ystuLd
8°483¢ | G-0LEE 2'818¢ L°8%98 | L°6098 | 9L°T89% | 2°S692 (Bwr) are ur JyBrom

o | o | s | s | s | nees | s | | e s

L-$5LL0T# SO ovD weoq

080TSL# umae)

£-$8LL0T# AvqoIN

.hooom pue _mﬁsmnmmﬁm.w

wooy 1B SUTUONIIPUODAIJ WINNOEBA 0} dN(] SJUOWSINSEOIN S50 JYSIom Wweod Jo ATemwmng— Ig S14elL

101



PRESSUYSE ~ MM HG <
MICRONS ¢ Ty ' Yo 3
—— o e Nadda N X .
70— 1 ¥ &Ye ;3""" g{
- 1
€0 . A
50 A
1t
40r—-/
|
0
0|30
’; N .
2
201
J0
° ’ 2 ﬁ.} 4 } é ——————— 49

TIME._~ HRS_

Figure 53. —Mobay Chem: No. 7--300°F (temp. increased ambient

to 300°F in 1st hr).

102




A survey was made of available open-cell foams to determine if a rigid polyure-
thane foam could be formulated which would eliminate volatile reactants. It was con-
cluded that little or no outgassing of the urethane polymers occurs; resins present are
thoroughly reacted into polymer. Hence, the weight loss would be more properly at-
tributed to catalysts and nonreactive stabilizers present. To reduvce outgassing, ter-
tiary amine catilysts could be substituted by less volatile catalysts, such as dibutyl
tin dilaurate. The nonreactive, vacuum-volatile foam cell stabilizers, such as the
silicones, might be replaced by a hydroxy-substituted silicone that can be tied into the
polymer. A blowing agent, whether Freon or carbon dioxide, when trapped in a
closed cell car *fuse slowly through the cell walls, especially in a vacuum. An
open-cell fea:r  ..s not have trapped cell gas.

The Corwin Division of the Upjohn Company and the Mobay Chemical Company
supplied rigid, polyurethane foams having 90 percent open cells. However, the cells
were open by virtue of ruptured cell walls, rather than by the completely removed
cell walls of a reticulated foam. The Mobay foam proved to have the best physical

" properties, obtained by adding a small amount of aluminum flake to a rigid foam for-
mulation. The best molding characteristics were found in the Mobay formulation
shown in Table 32. The choice of stabilizer, level of stabilizer, and level of alumi-
num are decisive factors in noncollapsing, open-cell foam. The molded material
could be cut into thin slices without crumbling.

Compression Characteristics

The compression deflection characteristics of candidate foam materials were
evaluated for test samples with alternating layers of 0. 020"-thick foam slices and
1/4-mil aluminized Mylar. The stack was 0.350" thick, measured 2" x 2" in area,
and consisted of ten layers of foam and nine layers of aluminized Mylar.

Five foam-film composites were compression and thermally cycled. These
included:

Table 32. —Mobay Formulation

Compox}ent 107754-7 Parts byf\:leight
PeP 450, polyol 100.0
Freon 11 plowing _agent ] 30.0
L 530 ftabilizer 2.0
TMBDA catalyst 1.5
#422 aluminum flake cell opener 1.0
Mondur MR /i\socyanate 136.0
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GAC white.2 pf® rigid polyurethane Mobay Chemical # 107754-7 - open cell
rigid polyurethane
' Mobay Chemical #107745-3 open cell rigid polyurethane
U.S. Gypsum "Zero Cell" i.7 pf rigid polyurethane
Carwin Chemical # TS 1080, open cell rigid polyurethane
The room-temperature compression-load-deflection curves for Mobay Chemical
#107754-7 urethane are shown in Figure 54, low temperature (-320°F) and room tem-
perature load deflection characteristics in Figure 55, and ultimate compressive
strength in Figure 56. Yield point at -320°F was approximately 32 psi. This is
slightly greater than twice the maximum pressure on self-evacuation insulation
panels.

Vapor;- Barrier Materials and Fabrication Techniques

Maximum permeability allowable for a vacuum jacket was 2.2 X 10~ cc helium
per second per square inch at standard conditions. Permeability data for vapor-
barrier material selection are iisted in Table 33.

The test fixture shown in Figure 57 was used with 2 mass spectrometer to deter-
mine the helium leakage through the seam of a 3-inch back-to-back adhesively bonded
joint. These data are presented in Table 34. )

EXTERNAL FOAM INSULATION—NON-POROUS, SEALED,
CONSTRICTIVE WRAP

During launch, the constrictive-wrap sealed-foam insulation system of the
Centaur vehicle is exposed to aerodynamic heating and erosion. A sector tank instal-
lation was conceived to test the insulation in the NASA Lewis Research Center 8'x 6"
wind tunnel under flight conditions. Two opposite sections from a 60-inch radius tank
wall, approximately 4' x 5', were brought together and faired to resemble an airfoil
section in general appearance.

Constrictive-wrap sealed-foam insulation panels were fabricated by Goodyear
Aerospace Co., conforming to the 60-inch sector tank. 1

The tank top was insulated with a 0.4-inch-thick sealed panel covered with 0. 56-
inch-thick polynrethane unsealed foam built up to simulate a fairing to encapsulate a
wiring harness under the constrictive wrap. The. tank bottom was covered with four
identical rectangular panels of 0.4-inch-thick sealed polyurethane foam.

The constrictive wrap was an 8-end S/HTS fiberglass epoxy prepreg roving applied
by filament winding at a 6° helix angle with 0.25 inch spacing between the rovings.

High temperature blister tests were performed on Freon-blown and water-blown
2 1b/ft? density, rigid polyurethane core stock, with and without post curing. A 15-
inch cubic block of each foam was poured and cured for one hour at 180°F. The water-
blown foam was additionally cured for two hours at 275°F. Both blocks were split and
half of each block was post cured as follows: 150°F, 4 hours; 230°F, 8 hours; 300°F,

8 hours. The blocks were then sawed into slabs and 0.4" x 10" x 10" sealed-foam test
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| ' panels were fabricated. The 2-psi
. constrictive wrap load on the panel
5 . was simul-ted by vacuum bagging the
. panel with PVA film applied over
TEEATH . fiberglass bleeder cloth and decreas-
x | ing the pressure by 2 psi. Panels were
2 ' placed in a circulated-air oven. A push
. rod and dial gauge operating outside the
” . oven contacted an aluminum plate, which
' was placed over the bagged assembly,
i +H i indicated blisters which formed.
' ’ The Freon-blown panel, without a
0 . post cure, blistered and showed a 10-
; ) Y percent-thickness thermal expansion.
: A \'F q -5 The postcured, Freon-blown panels ex-
L+ | panded 7 percent in thickness, but did
} =+ . not bligtze. The postcured water-blown
§ L/ , . foam panel shrank 7-percent which would
1 u‘ HH | cause some loss in tension. Therefore,
postcured Freon-blown rigid polyurethane
} | foam having a density of 2 lbs/ft® was
. ; chosen for the sector panels.
All areas not covered by sealed
insulation panels were covered by

afH J4 / ' _ laminating two layers of 16-1b/ft3 sheet
; 4 W . ; | cork. The cork was vacuum bagged and
'3 Luny. /1] bonded to the tank using Epon 828 (65

parts), Versamid 125 (35 parts), and

2 ,[,/ r' ’ // : ‘ : curing at room temperature.
By ’ All sealed-foam insulation was
, B4 d tested for leak tightness after covering
A | L] with MAM (1/2 mil Mylar-Aluminum-
N 1/2 mil Mylar) by immersion for 5

s ,ozoL. 30 '630‘_"?:6“’:;0 070 minutes in liquid nitrogen.
DEF ECT — The panels were bonded to the tank
wall with a 5-inch grid-pattern glue line
of Narmco 7343/7139 polyurethane ad-
hesive by vacuum bagging and curing for
sixteen hours at room temperature.

i The insulation on the sector tank is
shown in . igure »8. The constrictive wrap roving at 2 psi provided 2 psi normal load to
the insulation and an 0. 88 strain in the glass roving. An edge view of the finished tank is

shown in Figure 59,

Figure 55. —Typ. compression load—deflection
curves Mobay #7 foam and film at -320°F
and room temp.
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EXTERNAL FOAM INSULATION—SEALED, CONSTRICTIVE-WRAPPED,
JETTISONABLE '

Goodyear Aerospace Co. investigated jettisonable insulation, which was fabri-
cated for a 60-inch radius sector tank for the Centaur. Flexible, linear-shaped
charges were incorporated to sever the fiberglass consirictive wrap which secured
the tank insulation. The construction and material were the same as for constrictive
wrap, except for placement of the shaped explosive charges and an expeller bag of
Mylar-Dacron placed within the MAM envelope. The latter may be inflated simultan-
eously with the firing of the flexible linear-shaped charge and the attendant cutting of
both the MAM moisture-vapor sealing envelope and the fiberglass constrictive wrap.
The external appearance of the jettisonable sealed insulation was identical to the wind-
tunnel segment tank previously illustrated except for the absence of the external
thermocouple leads.
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Table 33.~Vapor-Barrier Data

. X Helium
Material Construction Source Thlfzkness Welghzt permeability
: in. los /ft ST g
cc/sec-in
MAAM | 1/2-mil Mylar, Dobeckmun Co. . 002 .0187 | 1X-10-10
0.35 mil aluminum,
2-plys, Type 34322
MAAM | 1/2-mil Mylar, Dobeckmun Co. . 0027 . 023 1X 10710
0. 35-mil aluminum,
Type 34322
MLM | 1-mil Mylar, G.T. Schjeldahl| .0047 | .0703 | 2.7 x 10~10
0. 8-mil lead Co.
MAM | 1/2-mil Mylar, Continental Co. .0017 | .0132 | 8.2 x 10710
1/2-mil aluminum,
1/2-mil Mylar

Table 34. —Vapor-Barrier Adhesive Seam Data

g . Helium permeability
Matgnal Adheiswe Cgre ce/Sec /1 4.7 psi
MAAM | Goodyear G-207, Heat seal 275°F 1.2 x 1077
3" seam length by hand iron '
MAAM Adiprene L100/Moca, 16 hrs. room 1x10-10
3" seam length temperature

EXTERNAL FOAM INSULATION-—-SEALED CONSTRICTIVE—WRAPPED—FOR
FULL-SCALE CENTAUR TANK

The object of this program was to develop, fabricate and install a sealed, light-
weight, vapor-tight, foam-jacketed insulation system on the exterior surface of an ex-
periment~l, full-scale Centaur liquid hydrogen tank1? approximately 10' diameter x 24'
long. Preliminary investigations dealt with materlals selection, fabrication techniques,
wrapping, eto.

“The full-scale Centaur tank required twenty sealed-foam insulation panels to cover
the cylinder wall. Eight panels contained protuberances and had to be hand tailored in
the areas where bosses extended through the insulation.
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Flgure 57. ~Helium leak-detector technique for evaluating
vapor barrier seams.

Both Freon-blown and carbon dioxide-blown foam, having a density of 2 lbs /ft?
were evaluated. The Freon-blown foam was chosen for the full-scale tank insulation,
Formulations and typical properties of the two types of foam are given in tables 35
and 36. The Freon-blown foam has better handling characteristics, dimensional
stability, and a lower "K" factor,

While several constructions were evaluated for encapsulating the foam, 0.0015
Mylar-aluminum-Mylar barrier film was chosen because it had satisfactory proper-
ties and was of minimum weight. A 0.002-inch Mylar film was used as the edge chan-
nel about the perimeter of each panel. This material also proved to be adequate for
cap strips and doublers between adjacent panels,
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Table 35. ~Typical Rigid Foam Fermulations

Parts per
. . hundred

- Material . Supplier Freon- | COp
blown | blown

PFR6, polyester resin Allied Chemical Corp 100 100
Dabco 33LV, amine catalyst | Houdrv Process Corp 0.6 0.6
L-521, silicone surfactant Union Carbide Corp 1.5 1.5
-| Water ves 5.0

RCR5043, TD1 prepolymer ! ‘The Glidden Co. 110 183

R-11, Freon blowing agent E. 1. duPont de Nemours and Co. 30 .

Table 36: —Physical Properties of Gas-Blown Foams

Property Freon- | Carbon dioxide

: blown blown

Density, nc: 2.0 2.0
Heat transfer (k) factor _

(Btuh/sq ft/F/in.) 0.14 0.22
Closed ..ells, percent 90.0 85.0
Ténsile strength, psi 60.0 58.0

Compi*ession strength, psi;
10-percent deformation g 47.0 32.0
30-percent deformation 45,0 28.0
Yield point 46.0 30.0
Heat distortion tempera-
ture, fghrenheit 250.0 300.0
Dime"n'sional stability Superior ey
Handling ease Superior oo .
L
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The Mylar-aluminum-Mylar vapor barrier was bonded with Vitel (Type PE 207,

a heat-sealable polyester adhesive by Goodyear Tire & Rubber Co) to the rigid poly-
urethane panels which were cut to 0.400-inch (20, 008 inch) thickness from 99- by 42-
by 10-inch foam blocks. A back-lighted glass table was used to determine the uni-
formity of foam structure. Density was held to 1. 8 to 2, 0 1bs/ft3.

Narmco polyurethane adhesive system 7343 /7139 was applied over Vitel PE 207
which acted as a primer on the surface of the tank. This served to insure a vapor
tight bond and prevent cryopumping of air.

Precut foam filler strips were found most effective for insertion in joints between
adjacent panels since problems of dimensional stability and density control proved
troublesome using foam-in-place techniques.

The constrictive wrap for attaching the insulation panels on the Centaur tank con-
sisted of S/HTS fiberglass roving applied as a cinch wrap. The tension was held at
greater than two pounds during filament winding to provide a 2-psi load normal to the
insulation panel and an 0. 88-percent strain in the glass roving. The effect of pro-
tuberances on the pattern of helical wrap is shown in Figure 60.

Based upon estimated weight, the polyurethane foam constituted 38 pounds of the
81. 65 pounds of gross weight of the insulation panels.

EXTERNAL FOAM INSULATION~SEALED, CONSTRICTIVE-WRAPPED
FOR LIQUID HYDROGEN TANKS OF BOOST VEHICLES

Full-scale qualification tests for the external insulation system for Centaur liquid
hydrogen tanks have been conducted by Lewis Research Center.2 A comparison is
- made below between the insulation performance and payload weight characteristics of
the lightweight, ronjettisonable insulation system and a flight-tested jettisonable
insulation. '

Insulation Performance Under Thermal Conditions of Bcost Phase

An experimental investigation based upon a computer study of a typical Atlas-
Centaur trajectory. Calculations were made of the heat flow into the insulation and,
the ligquid hydrogen propellant.

Two insulations were examined, a jettisonable insulation and the lightweight,
sealed, nonjettisonable insulation. The seale”, wrapped insulation was a 0.4-inch-
thick foam panel covered with a laminate of aluminum and Mylar, with a 0. 0005-inch
layer of Mylar on each side of a 0.0005-inch layer of aluminum. The laminate was
assumed to have a density of 115 pounds per cubic foot, a specific heat of 0.25
Btu/lb/°F, and a thermal conductivity of 1.548 Btu-in/ft>-hr-°F. The foam core was
assumed to have a density of 2 1b/ft?, a specific heat of 0.4 Btu/lb/°R, and a thermal
conductivity varying with temperature according to the upper boundary of the region
shown'ih Figuce 61.
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Figure 60. — Effect of protuberances on helical wrap.
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Figure 61. —Thermal conductivity range of polyurethane foam as
function of mean insulation temperature.

Centaur Flight Model Insulation System

The jettisonable insulation was assumed to be 1.0 inch thick foam-filled honey-
comb structure with faces of 0. 015 inch fiberglass iamivate. The foam core was as-
sumed to have a density 1 1. 2 1b/ft? and specific heat and thermal conductivities as
given in Table 37. The fiberglass laminate was assumed to have a density of 120
Ib/ft? and the specific heat and thermal conductivity listed in Table 38. The tank wall
was assumed to remain at liquid hydrogen temperature. The insulation was assumed
to be separated from the tank wall by a 0.1 inch helium-filled gap. A heat-transfer
coefficient of 2. 56 Btu per hour per square foot per °R was used for the heat flow
across the helium gap. At 173 seconds, the insulation was assumed to be jettisoned.

In making calculations for both insulations, an initial wetted area of 485 square
feet was used. A length of 10 feet was used in determining the Reynolds number for
the aerodynamic heat-transfer coefficient. Figure 62 skows heating rate incident on
the outer surface of the sealed, wrapped insulation due to aerodynamic heating, plus
averaged radiani heat from the sun. Also shown are the heat radiated away from the
surface of the insulation and the net heat that actually enters the insulation.

" Because of the thermal lag, not all of the heat that actually enters the insulation
gets *hrough to the liquid hydrogen on the inside. The total heat input to the hydrogen
from 0 to 675 seconds was calculated to be about 13,300 Btu.
| In addition to the heating rate, the temperature of the insulation is sigrificant be-
- cause of iis effect on physical properties. Figure 63 shows the variation of the
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Table 37.~—Specific Heat and Thermal Conductivity of Foam Core

‘Tempevature, Specific heat, Cpo Thermal conductivity, k,
°R Btu/(1b)(°R) (Btu)(in.) /(sq ft)(ar)(°R)
40 0.283 0.037
160 | 000 e=——- . 147
180 ————— .162
220 295 | veeea
360 303 | emeee
500 312y e
760 | 0 ———-- . 503
1500 37 | e

Table 38. —Specific Heat and Thermal Conductivity of Fiber-Glass Laminate

Temperature, | Specific heat, ¢, Thermal conductivity, k,
°R Btu/(1Ib)(°R) 7 (Btu)(in. ) /(sq ft)(hr)(°R)

400 0.2220 1.615

- 500 .2340 1.701

600 2460 1.788

700 | 2580 1. 860

890 . 2700 1.945

900 .2820 2.029

1000 .2940 \2.;122
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temperature of the outer surface of the insulation during the first 675 seconds of flight.
The curve peaks at 127 seconds and reaches a maximum value of shghtly over 1100°R.
The temperature is above 800°R for approximately 65 seconds.

Dynamic pressure (1/2)pV? (where p is the local density and V is the freestream
velocity), as well as temperature, is important in its effect on the durability of the in-
sulation. The maximum values of temperature and dynamic pressure are substantially
separated in time. The maximum dynamic pressure (860 1b/sq. ft.) occurs while the
temperature is quite low, about 600° F. Fortunately, by the time maximum tempera-
ture is reached, the dynamic pressure is only about 17 percent of its maximum value.

The comparisor analysis showed that the sealed, wrapped, nonjettisonable insula-
tion allows more than twice the amount of heat to get into the hydrogen during the first
675 seconds of flight as does the jettisonable insulation system. The maximum
possible boiloff is about 69 pounds for the sealed, wrapped insulation and about 33
pounds for the jettisonable insulation.

Thermal Conductivity Tests

Thermal conductivity tests were conducted on 0. 4—mch—thlck sealed, closed-cell
polyurethane foam specimens fabricated for NASA Lewis Research Center by Good-
year Aerospace Corp. A double-guarded, cold-plate, thermal condrctivity apparatus,
built by Arthur D. Little, Inc., under contract number NASw-615, was used. Runs
were made at 2 psi and 15 psi compressive loads. The lesser pressure corresponds
to the loads imposed by the cunstrictive wrap while the 15 psi represents loads im-
posed by evacuation from cryopumping. The average value of overall thermal conduc-
tivity, where the insulation panels were directly in contact with the cold plate, was
0. 145 Btu-in/hr-ft>-°R at a mean temperature of -178°F (282°R). The imposed loads
~of 2 and 15 psi did rot significantly change the contact resistance between the sealed
" foam insulation and the cold plate.

Liquid Oxygen Impact Sensitivity

If a sealed panel developed a leak through the puncture of the encapsulating Mylar
under crycpumped conditions, air drawn into the evacuated foam panels might con-
dense as liquid air or even as liquid oxygen.

Drop-impact tests were therefore performed ai Marshall Space Flight Center to
determine compatibility or sensitivity to impact when submerged in liquid oxygen, using
an impact sens:'i:iiy test apparatus (88 ft-lbs-energy). ® The resulting data are sum-
marized in Table 39. In tests on the basic foam material itself, only three, barely
visible reactions occurred in 15 tests, indicating comparative insensitivity to impaet,
Also, high resistance to permeation of air through the closed cell structure would re-
strict cryopumping to a very localized area. Therefore, even if reaction from impact
occurred, it is highly unlikely that damage beyond the immediate area would be 8us-
tained. Only one test in 40 showed a bright flash and signs of a sustained reaction.
Substitution of other spccies of the same generic materials might not yield the same
results.
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Table 39. —Drop-Impact Tests on Polyurethane Foam Insulation SampleAs

i::gl:r n(\;x::!‘::r Sample description Environment Relz:;i::;&t;l;sity
1 1 Plain polyurethane foam ‘Liquid oxygen No visible reaction
2 ’ ‘ Barely visible reaction
3 Barely visible reaction
4 No visible reaction
5
6
7
8
9 Gaseous oxygen
10 - Gassous oxygen
11 n Polyurethane foam with MAM layers | Liquid oxygen Very bright reaction with
12 glued to top and bottom surfaces sustained combustion
13 with Vitel PE 207 adhesive No visible reaction
14
15 .
16
17
18
19 Gaseous oxygen
20 Gaseous oxygen
21 m Polyurethane foam with MAM layers | Liquid oxygen No visible reaction
22 removed, but with some glue No visible reaction
23 residue Plainly visible reaction
24 ’ : Relatively bright reaction
25 Plainly visible reaction
26 No visible reaction
27 No visible reaction
28 No visible reaction
29 Iv MAM-covered polyurethane foam Liquid oxygen Relatively bright reaction
30 with three longitudinally drilled No visible reaction
31 holes under striker pin Relatively bright reaction
32 No visible reaction
33 - v MAM-covered polyurethan: foam Liquid oxygen No visible reaction
34 with holes through sample perpen- No visible reaction
35 dicular to MAM layers and Barely visible reaction
directly under striker pin
36 Vi Plain polyurethane foam with three Liquid oxygen No visible reaction
37 longitudinal holes through sample Barely visible reaction
38 and under striker pin o ‘No vigible reaction
39 No visible reaction
40 No visible reaction
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Sub-Scale Insulated Tank Tests

In sub-scale tank tests™ with the insulation systems developed, it was noted that
design, bonding, protuberances, and panel edge seals had little effect on thermal
performance. The sub-scale-test insulation values were in substantial agreement
with the measurements made on flat panels.

Simulated aerodynamic heating tests were conducted with gas-stream tempera-
tures up to 840°F and dynamic pressures up to 1300 lbs /it? in wind tunnels. Four
variations of the insulation system and two methods of handling the coustrictive wrap
around external protuberances were investigated. In general, the tests showed that
this type of insulation system was applicable under operational conditions.
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Chapter VI

ELECTRICAL ENCAPSULATION WITH FOAMS

PERSPECTIVE

Effective insulation and protection of electronic circuits and packages in the
space environment imposes stringent requirements. Materials and processes used
for the embedment of components or the encapsulation of circuitry have, for the
most part, been supplied as proprietary or special formulations by industrial com-
panies. The unigue electrical properties and the low densities of foamed plastics
make them especially useful in aerospace electronic applications. Trends to mini-
aturization and lightweight electronic devices have led to an increasing emphasis on
foams.

Current trends in aerospace electronics are toward the use of d-c, or low
{requency a-c, circuits of the order of less than 2400 Hz. The d-c solid state cir-
cuits for control or logic operate on a supply voltage of 28 volts. Intermediate or
high voltage networks exist, as for example, in the traveling wave tube amplifier
(1500-6000 volts) and the klystron oscillator and amplifier (at less than 400 volts).
High frequencies (136 to 260 MHz) and high voltages prevail in RF equipment where
high power is transmitted. In S-band transmission at 2200 MHz, corona effects with
an attendant avalanche breakdown in connectors have been significant in some studies.

The technology for radar antennas has been advanced mainly by Air Force in-
vestipation, Silicone or polyester resins are preferred over epoxy resins, since the
latter display a high dissipation factor or loss tangent. The use of polyurethane
foams as enclosures for radomaes has been gaining momentum.

. The two general uses of cellular materials in space equipment are electric wire
and cable insulation and embedment of electronic modules. Foamed plastics for
cable insulation, such as the polyolefin or FEP fluorocarbons, have a lower loss
f:.: - and dielectric coustant (low capacitance) than their solid equivalents because
par. of the plastic is replaced with a gas of a lower dielectric constaat. This type of
insulation is provided commercially as extruded stock and its electrical and mechan-
ical properties are well known,

The use of foamed plastics for spaceborne rigid assemblies is governed by
mechanical, physical, and electrical design criteria, as well as weight reductior.,
repairability of the package, and environmental protection requirements. The most
important properties for dielectrics are the dielectric constant and loss tangent.

For spacecratt and satellites, foamed-in-place liquid resins fill voids, provide good
adhesive bonds to mating surfaces, and in many cases are repairable,
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An encapsulated spacecraft electronic package may either be exposed to the
space environment or be shielded by a hermetically seaied and pressurized canister
or the cabin of a manned spacecraft. Materials for space-vacuure application must
have low ouigassing characteristics and must not release condensible volatiles which
xight deposit on solar cells or connectors. Radiation effects should not degrade the
electrical and mechanical properties and, in the case of sealed equipment, corrosive
gases should not be gener=ted and the canister pressure should be kept within limits.
Since Freon-11-foamed polyurethane might degrade into chemically reac.ive gases, !
the COy-blown system has generaily been chosen. It has proven satisfactory in
laboraiory simulation tests, The absence of vibration and an atmosphere in space,
on the other hand, provides some advantages in equipment life. In the space cabin,
foam encapsulation materialg are disqualified if they produce objectionabie odoxs or
toxic gases.

Rigid urethane or epoxy foams have been applied as encapsulants for multilayer,
printed-circuit board assemblies and for cordwood welded modules with low voltage
circuits. They have also proven feasible for high voltage, low-energy networks in
the 1- to 5-KV (RMS) range.? Foam materials have been very effective dielcctrics
in such cases, while providing strvctural rigidity und mechanical positioning of
electrical connections.

Goddard Space Flight Center has estimated ‘hat approximately 65 pcrcent of an
encapsulation involves foam materials. In general, three density levels are em-
ployed, for sounding rockets, 4-6 lbs/ft?; for smaller satellites, 6-8 Ibs/ft%; and for
the OGO spacecraft, 8-10 lbs/ft,

DESIGN CONSIDERATIONS

In electronic module packaging for space equipment, good electrical insulation
and mechanical support must be provided. Design criteria are based on

(1) electrical, mechanical and thermal properties,

(2) weight considerations,

(3) void volume in the package to be filled with dielectric,

(4) processing requirements,

(5) environmental conditions:

(a) induced vibration, acceleration loading and temperature during ascent,

(b) exposure to the vacuum, tkermal, and radiation conditions in space,

(¢) exposure to operational temperatures and 5-psi oxygen atmosphere in
the capsule of a manned spacecraft,

(6) accessibility for replacement oy repair,

(7) costs of the package.

The design goals of reduced weight, repairability, elimination of conventional
mechanical supports .* e8¢ of processing, and low dieleciric cuusta i and dissipation
factors have made ti:¢ fuam-in-place and syntactic foam materials attractive for
packaging space electronic equipment. '

Molded urethane foam supports used in place of thin mechanical isoiators offer
increased design flexibility, Advantages obtained include foam conformsnce :o the
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structure, maximum load distribution over the surface, and complete coverage of
components.

A distinctive feature of foam materials is the variation of the mechanical prop-
erties with density.4 In general, tensile strength, compressive strength, modulus,
impact resistance, and flexural strength increase with increasing density. Density
can be conirolled within the required limits by the chemical formulation and process
conditions during foaming and cuving.

Properties

Desirable properties include low dielectric constant and low dissipation factor
in the required frequency range, and high insulation resistance. In general, the di-
electric constant and dissipation factors for foams are intermediate in value between
these of the solid polymer and air. Thus, values will range from a dielectric con-
stant (gas) of near 1.0 to a dielectric constant (solid polymer) of 2.5-6.0. A foamed
plastic has a lower dielectric constant at a given frequency and temperature than the
corresponding unfoamed, solid polymer, but higher than air.

Electrical data for castor oil, polyester, and polyether rigid foam have been
reporied. Polyether urethanes usually have a lower dielectric constant and lower
dissipation factor thar polyaster urethanes. These electrical properties, as well as
the power factor and dielectric strength, vary both with foam density and the fre-
quency in a-c¢ circuitry.

For electrical circuits above ~275 volts RMS, dielectric strength and dieiectric
breakdown characteristics become especially significant.® Dielectrics in satellites
and space vehicles must be reliable for periods from 14 days to 2 years.(see Table
46). Voltages in the range of 3 t¢ 5 KV RMS appear to be attainable without adverse
corona. effects.

Compressive strength and tensile shear properties are especially important for
dielectrics. Compressive strength versus density and compressive strength/weight
ratio versus density are shown in Figures 64 and 65. The mechanical properties
are governed by the type of resin used, by the cell structure, and by the foam den-
sity. The strength of low density, blown foams is less than that of the syntactic
foams which contain a hollow, microbalioon filler.

The foam structure must be able to protect the package from mechanical shock
by (a) provision of structural support for and (b) delaying the arrival of transferred
shock impulses. Under forced vibration the mechanical criterion of failure is
fatigue. Since foams can be chosen with high internal hysteresis, the dynamic or
resonant stress can be kept within acceptable limits. .

The low static properties (for example, the compressive yield of foamed
plastic structural members) require that the material be encased in a thin metal skin
to avoid local high stress points. Silicones are particularly low in compressive
strength compared to urethane or epoxy foams. The packaging engineer selects the
module geometry or mounting system to assure maximum protection from vibration. 6

In Syncoms 2 and 3, the telemetry-and-command and transponder subsystems
have met the qualification level of vikration of 1.5 times that expected for twice the
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duration of flight. The expected amplitude levels were for random vibration at 6 g
and for acceleration at 15 g.

Several examples will illustrate the effectiveness of foam materials in packages
subjected to high g loading.

(1) Dummy welded cordwood electronic modules embedded with the syntactic
epoxy foam, Stycast 1090/11 (Emerson & Cuming), have survived impacts in a hori-
zontal impact machine at levels in excess of 10,000 g's average amplitude from
200 ft/second.’

(2) A welded cordwood module, embedded in a rigid polyurethane foam cured at
20¢°F after applying an epoxy-amine "freeze coat" to the circuitry structure and
encasing in an aluminum envelope with all voids filled, has survived vibraiional load-
ings up to 90 g's.®

Because electrical insulating materials, including foams, are invariably poor
heat conductors, the electronic package is designed to distribute heat loads, to
create short heat paths by placing "hot" comvonents in close proximity to the dense
outer shell of the module, and to apply hua. sinks that collect heat transmitted along
component leads. An effective heat dissipation technique, employed by McDonnell
Aircraft for Gemini equipment,  was to cast a thermally conductive RTV silicone
pad over the printed circuit sides of a three-card assembly. The silicone rubber
casting accommodated both variations in height (caused by buildup in tolerances) and
vibration isolation. ’ , '

Thermal conduction through the gas phase is generally the largest single con-
tribution to the k (thermal conductivity) of foamed plasties of less than 5 1b/ft2
density. I The thermal conductivities of the potential blowing agents for cellular
plastics are shown in Table 40. The k of CO, is approximately twice that of Freon 11
(CCl3F), which is commonly used as a blowing agent in thermal insulation foam sys-
tems. A CO,-blown system for electrical encapsulation foams will therefore dissi--
pate heat more effectively.

Table 40. — Thermal Conductivity of Potential Blowing Agents

Thermal conductivity
Compound Confmerfnal Btu/° F-sq. ft.-hr. /in.
designation
32°F 68°F 86°F
CCLF F-11 . 054 . 057 . 058
CCL,F, F-12 . 058 . 064 ", 067
C,Cl3Fy F-113 . 046 . 051 . 054
CyCl,F, F-114 . 054 . 061 . 065(?)
CHCL,F . F-21 . 064 . 067 . 068
Isobutane . 096 .112
CO, . 101 L117
Air . 168 .180
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Factors other than polymer and gas composition which affect the k of foamed
plastics are density, cell size, environmental temperature, and aging conditions.
Conductivity generally increases with increasing density and increased cell size.
The effect of prolonged aging of unsealed foams, especially at elevated temperature,
is to allow diffusion of air or water vapor or both into the closed cells. This not
only results in an increase in the k value but also may adversely affect electrical
_ insulation properties. '

Internally generated heat, even at low power leveis, may raise the operating
tempevrature because of the close packing of the components and the low k of the en-
capsulant. Space environment may require service temperatures ranging upwara
from -70°F. The effects of elevated temperature on properties, for example em-
brittlement on prolonged exposure, could be a potential cause of failure, especially
for thermoset plastics to which class the foam embedment materials usually belong.
Temperatures up to 260°F may be reached in the lunar environment, for example.
Temperature limits in cislunar space can be controlled by an active or passive tem-
perature control system.

Thermal Stability

The thermal stability of a number of representative materials is given in
Table 41. These temperatures are not absolutely limiting where only brief expo-
sure is required. Package design criteria for continuous use at the temperature
limits include outgassing and dimensional stability. Thermal stability is related not
only to the chemistry of the polymer or resin system, but also to the permeability
of gas through the cell wall. (The phenomenon of diffusion of blowing gases and the
related outgassing effects are discussed in the section on "Diffusion of Gases in
Polymeric Foams."). '

The thermal stability of the foam materials will vary depending on whether the
environment is air, a hard vacuum, or a space cabin atmosphere of 5-psi oxygen.

In the case of embedment of the Gemini Time Correlation Buffer, very stringent
temperature requirements were imposed for the epoxy embedment. % None of the
materials could reach or require processing at temperatures above 200°F (93°C)

but had to be capable of continuous operation at 200° F and also qualify for cabin use
in the spacecraft. The standard exotherm test for the epoxy foam used, Ablestik I,
resulted in 2 maximum temperature of 106°C, above that specified. In this test, the
temperature rise of a homogeneous mass of foam is measured. Process tempera-
ture however, was limited in this case to 70°C because the embedded components
acted as heat sinks. -

A preferred practice, even for most room-temperature curing resins such as
polyurethanes and RTV silicones, is to post-cure, to upgrade both thermal stability
and mechanical properties, at a temperature which is higher than that of the sub-
sequent exposure. For example, CPR-302 polyurethane foam used in the low-voltage
digital equipment of the ATS (Applications Technology Satellite) was cured at 10-20° ¥
above the expected use temperature to stabilize the foam against subsequent dimen-
sional change. In this case, a 200°F cure also resulted in the foam being stable at
350°F at 10~ torr and at 400°F in air.
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Internal Stresses

Since electronic packages contain sensitive components, shrinkage of the em-
bedding resins resulting from processing, curing, and subsequent aging is especially
significant. Embedment problems may exist due to pressure sensitive or heat sen-
sitive components, leads or joints. TFor glass, ceramic, or metal embedded com-
ponents the crack resistance of the embedment package, especially upon low temper-
ature exposure, is critical. Trends toward integrated circuits and replacement of
heat-sensitive germanium by silicon in semi-conductor devices have reduced the
extent of the problem.

The higher coefficients of expansion of urethane foams®® (compared to metals)
have tobe taken into account when temperature changes occur, particularly low tem-
peratures, to preclude development of Ligh stresses. For pressure-sensitive com-
ponents, one must avoid excessive internal stresses due to shrinkage of resins
resulting from polymerization. Resin systems have much higher coefficients of
thermal expansion than glass and metals, thus, as temperature decreases, the in-
creasing differential strain results in progressively higher stresses. These stress
problems can occur with either solid or foam resin embedments in electronic
packages. ‘

Internal stresses developed in the epoxy syntactic Stycast 1090 embedment of a
model electronic module have recently been measured and evaluated at Northrop
Space laboratories. “ Stycast 1090 is a candidate material for sterilized electronic
assemblies. The Stycast 1090 encapsulated module received a final cure at 275°F
for 2 hours followed by three thermal sterilization cycles each at 293°F for 40
hours. Internal "bulk' type or volume effect pressures, exerted on all sides of the
test sensor, were measured by means of embedded carbon-composition resistors.
These resistor sensors gave results about equivalent to those obtained by the ther-
mometry method. Residual internal pressures measured at rocom temperature after
the above thermal treatment, were of the order of 800-1200 psi.

Package Design

Package design for circuits and components is largely based on welded or
soldered "cordwood' structure and printed circuit board arrays. Repairability of
modules is desirable. ©® A particular criterion at Hughes Aircraft was to limit
welded module construction to a component holder type configurationg to facilitate
component removal after welding the circuitry, in spite of limiting the component
packing density.

Three different packaging systems were adoptzd to allow pre-embedment, elec-
trical checkout and repairs as necessary. These are:

(1) Use of epoxy syntactic foam (20 lbs /ft3 cured at 250°F) to produce the com-
ponent holder (Figure 66),2 followed by additional foam to fill the mold cavity (Flgure
67), and encasement in an epoxy shell (0. 050 inch thick) (Figure 68).

(2) A polyethylene component holder that is removed after welding, and an
epoxy "freeze coat" for the welded circuitry. A polyurethane foam-in-place material
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is used for the embedment (Figure 69). After testing, the module is placed in its
aluminum container and the remaining void is filled with more foam (Figures 7. and
71).

(3) A combination of the features of the (1) and (2) systems. This mathod uses
the individual moduie concept on a rigid substrate with insulatio» providud by epoxy
coatings and foam-in-place polyurethanes (Figures 72 and 73).

Vacuum Outgassing of Foam Encapsulantsi®

Data on the stability of one epoxy and several polyurethane foams exposed to a
vacuum of 10-7 torr at room temperature are summa: :ed in Table 42. These foams
are of the closed-cell type used as encapsulants for electronic modules. Test speci-
mens were 2" x 2" x 2" blocks. All of the foams tested showed good stability.

TYPES OF FOAM SYSTEMS AND RESIN CLASSES

Material Selection

A particular foam material for electronic applications is usually s.elected by low
density, low outgassing and the specific dielectric properties required. Generally a
compromise is required in terms of heat dissipation, weight, and structural
strength, Thermal, vacuum-thermal, and radiation stability ...e further property
requirements.

The specifications on foam materials and their processing requirements in
Table 41 provide examples of commercial products found to be acceptable for differ-
ent encapsulant applications. Products of this nature have been formi.lated for
processing by foam-in-place methods and to provide relatively uniform properties.
Major efforts have been expended by WASA to determinz the property data, processing
technology and reliability for their use in space electronics. This information is
rather extensively spread throughort many organizations a.tive in this area.

The two types of lightweight foam systems used for emhedment or encapsulation
of electronic packages are syntactic foams, formulated with a liquid resin and low-
density microballoon filler, and atactic low-density blown-resin foams. Polyure-
thane and epoxy foams are the most widely used. The syntactic foams are generally
used at a specific gravity between 0. 6 and 0. 8, whereas the polyurethane or epoxy
foams are commonly used in the 2 to 10 pcf. density range. Polyurethane foams are
used where maximum weight reduction is required and, in most cases, where the
environmental requirements are not as severe as for the syntactic foams.

Polyurethane foams are usually a resin/catalyst and blowing agent foamed in
place at rcom temperature either as casting ~r in a mold. Post-curing is generally
desirable to obtain optimum physical proper..es and to reduce cutgassing. In epoxy
foam. there is a higher cure temperature and reaction esotherm. The epoxy reac-
tion and gas liberation or foaming reaction must be simultaneous, thus imposing
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rigorous control on the resin, hardness, temperature, viscosities and other variables.
The toughest epoxy foams are produced by baking for several hours at about 100°C to
insure complete cure.

Silicone-foam encapsulants for space-borne =lectronics are, at present, in
limited use or under development. Urethane foams have several advantages: (1) wide
range of useable densities, 2-10 1b/£t3; (2) rapid processing; (3) room-temperature’
cure and easily regulated post-cure; (4) less critical exotherm in filling small void
volumes; and (5) they are easily repaired.

An epoxy foam, Ablefoam 1 (15 1b/ft} density), was chosen as embedment materi-
. al for the Time Correlation Buffer (Table 43) used in the cabin of the Gemini space-
craft.® This epoxy foam had these advantages: (1) easy to use one-component foam,
stored at -40° Fand thawed for delivery into the mold cavity just before use; (2) lower
pressure generated during the foaming reaction thus requiring less expensive tooling;
and (3) significantly higher thermal conductivity than an otherwise acceptable 10-pef. -
density polyurethane foam; e.g., k (epoxy) /k (urethane) ratio of 0.39/0.28 Btu-inch/

_ ft>-hour-°F. This is the epoxy shown in Table 43.

' Foamed plastics for foam-in-place electronic applications are closed-cell (uni-

. cellular) rigid foams for mechanical support. A unicellular structure will provide a
uniform gaseous structure within the plastic matrix and effectively confine the gas
used as the blowing agent, thus providing relatively uniform and predictable proper-
ties. The rigid foams usually have a closed-cell structure.

Table 43. —Evaluation of Foam Materials for Time Correlation Bufferi?..

perature produced during cur mg was 70°C

T4

ST Material 15 : Polyurethane , ,
Characteristic requirements Slllcqne 1 3 —3 Epoxy
Cure Temp., °C .| 93 25 {93 66 193 66
Density, 1b/ft3 10-15 15 15 10 le 15
Thermal Cond. , - _
Btu/(hr)(ft? 0.7 10.26 0.27 0.25 0.28. | 0.39
(°F /in) -
Time for applica-| Several 30 sec. 30 sez. 130 sec. 30 sec.| 45 min.
tion minutes o '
Repairable Yes Margixxally Yes Yes Yes | Yes'
Foaming action | Slow Rapid Rapid Medium Rapid | Slow
Odor None Failed Failed  |Failed |None | None
Ef:g‘: rmo’ct“al 93°C total | Eliminated | Eliminated | Eliminated| 104 | 106*
# Exotherm measurements made on a dummy assembly showed that the highest tem— ‘

3 L




The closed-cell structure also provides protection against humidity damage to the
foam's electrical properties. This protection is not complete since closed-cell foams
generally have from ~30 percent open cells (for "semi-rigids'") to ~5 to 15 percent
open cells (for the "rigids™); and permeation of water vapor through the polymer mem-
brane of the cell wall can occur in time.- This situation generally calls for sealing, as
witl. a coating such as an epoxy or polyurethane film.

Polyurethane Foams

Urethane foams may be either polyester or polyéther-based. The polyether type
has a smoother compression load resistance curve with very little "plateau" effect,
better low-temperature flexibility (below 0°F) and greater humidity and solvent re-
sistance. The polyester-type has greater compressive strength (at yield) and better

- mechanical strength properties especially at elevated temperatures. For example,
CPR-23 series, heat-cured, two-component, polyurethane foam at 7 to 8 Ib/ft® density
has improved mechanical properties in electrical packaging. In this series cured
‘foam below 8 pcf density can be removed for repair. '~

The mechanical strength of most rigid urethane foams decreases sllghtly between

- ambient temperature and 200°F. The use temperature is often limited to 210-225°F
for continuous service because of a decrease in mechanical properties and dimensional
stability at higher temperatures. One exception is Eccofoam FPH polyurethane Whlch
can withstand continuous exposure at 300°F.

A typlcal widely used foam formulation is Eccofoam FP, which is a liquid, foam-
m—place, toluene—dusocyanate (TDI) /castor-oil copolymer. This prepolymer is re-
acted with water in the presence of a catalyst and a surface active agent to produce a-

' ,foam. Encapsulant apphcatlons of foams in satellites are shown in Table 44.

. Radiation resistance of a CO,-foamed polyurethane, Eccofoam FPH (4.3 Ib/ft’) has

'proven to be satisfactory to encapsulate not only the subassemblies and circuits but the -
entire canister of the Telstar satellite. 1 At Bell Telephone.Laboratories a sample was
irradiated with 1-MEYV electrons for 5 hours with a total flux of 2.9 x 1016 electrons/
em?. Table 45 shows the effect of irradiation.
- In another experiment the foam was reduced to a powder, charged into a sealed

* container and irradiated in a gamma cell for about 3 hours at 6 X 10° R/hour. This
‘was to simulate an anticipated radiation level of nearly 2 x 10° R/yerr for Telstar. No

' mgmﬁcant pressure change occurred in the canister as a result of the radiation.

'Although Fluorocarbon-11 is the preferred blowing agent for rigid urethane foams
with densities below 4 I1b/ft®, used for thermal insulation, the low-density foams for

“structural support are expanded thh carbon dxox1de, produced by the water-isocyanate
reaction. The COz—b-own foams are more easily processed above 4-pecf density and

. are safer to use in a sealed system sub;ect to radiation, where Freon 11 may give nse
~ to corrosive outgassmg - Foam density of prepolymer-based foams blown with 002 is

'changed by varying the amount of water in the catalyst component and by adjustment of
the mass of the hqmd resm to f111 a SpGlelc v01d volume,
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Table 45. —Properties of Irradiated Eccofoam FPH (4.3 lbs/ft?)

Irradinted Control
Dielectric constant®
1ke 1.29 1.28
1000 ke 1.34 1.29
Dissipation factor¥*
1ke . 0015 . 0014
1000 ke . 0032 . 0033

*Per ASTM D 150-59 T

Syntactic Foams

- The syntactic foams primarily consist of epoxy or silicone resins filled with

glass, silica, or phenolic microballoons. Glass or silica microspheres are preferred
as fillers since they result in a more rigid foam after curing the resin. In electrical
applications, the specific gravity of these syntactics usually ranges from 0. 6 to 0. 8.
"They represent a compromise in terms of weight and structural strength. This type
of filled system usually requires special handling in processing due to the increased -
viscosity or thixotropic effect. ,

Syntactlc foams have especially good resistance to thermal and mechanical shock,

S thermal agmg and exposure to vacuum and nuclear radiation. Stycast 1090 (Emerson

& Cuming) is a typical syntactm foam and was used to encapsulate electromo circuits.
~‘and welded modules in the Ranger and Mariner spacecrafts.

Other advantages favor the syntactic system. In filled systems generally, weight
losses are reduced during heat aging and there is a reduction in the exothermic heat
 of the system during curing. Reduced shrinkage and reduced thermal expansion di-

“ minish the tendency for resin cracking, compared to the unfilled resin.

FOAM DIELECTRICS FOR HIGH VOLTAGE NETWORKS

In high-voltage networks, corona and dielectric breakdown can cause problems, -
Corona is caused by ionization of gas in pockets or layers adjoining or within insulated -
Sstructures. It can be a luminous discharge around a conductor when the existing volt-v
age gradient exceeds a critical value, termed the "corona starting voltage." -

During the ascent of space vehicles, electrical assemblies can be subject to corona.
and flash-over at relatively low voltages The problem range, in: terms of earth alti-
~tude, is about 60 000 to 310 000 feet (50.mm. to 5 X 107 mm Hg. ), and usually at- -
voltage levels above 270 volts peak. For power-supply equlpment in commumcatmn o

M4 e R
144 e - e



satellites, the intermediate voltage range of 700-6000 volts has been of prime interest.
The travelling-wave tube transmitter-receiver is typical of equipment in which such
voltages are generated. Diffusion of gases and outgassing of organic materials may
produce corona problems not encountered at atmospheric pressure.

Space electronic equipment must be insulated because of outgassing products from
spacecraft materials, especially in confined areas. These volatile materials may
ionize, reducing corona threshold levels and encouraging early electrical breakdown.

Corona Starting Voltage

The corona startmg voltage in air is a function of the product of air pressure and
electrode spacing. 20' 2 At one atmosphere and a peak voltage sparkover of 350 volts,
the required spacmg 1s in the range of 5 to 8 X 10~ mm. At low pressures (altitudes
of 50 000 to 100 000 feet), the spacings for minimum breakdown voltage are increased
to fractions of ‘an inch, When the insulation is only a small fraction of the spacing, it
has relatively little effect on the corona starting voltage, since it bears even less than
_ its geometrically proportionate share of the applied voltage because of it high dielec--
“tric constant compared to air,

‘In the case of foams, whether open or closed cell, corona starting voltages may
be greatly 1ncreased at low pressures because the foam structure breaks up a large
air gap into many small gaps. The voltage across each gap or cell may have to exceed
270 peak volts for corona to occur within it.

. These features of low pressure phenomena bave resulted in two considerations for
designing laboratory tests for mafcr1a18° '

(1) Specimens for testing -corona suppressing encapsulants must be designed so
that the entire evacuated volume around the test electrodes is uniformly filied. As
voltages are raised over 1( " volts and pressures are lowered, the region of ionized
. gas may extend several inc. '

‘ (2) The range of apphed pressures is based on a critical pressure region (CPR),
v consxdered to correspond to 60 000 to 310 000 feet altitude. In this range the dielec-

~ tric strength of air ig less than 20 percent of the value at sea level.

-An mnlzat_xon voltage curve for the SERT-I system is depicted in Figure 74.

Corona Suppression

- A combination of techniques is generally used to increase corona and flash-over
voltages, Some of them are:. (1) to encapsulate in a void-free, solid dielectric
material; (2) to submerge in a liquid dielectric fluid; or (3) to use a hermetically
sealed gas-filled container. They are used infrequently for space equipment since

.o nause weight problems or dlfflcultxes in provxdmg hermetlc seals and shock and

. ion protection. N
uxghtwen ht dielectrics in the form of COz-blown, r1g1d foam—m—place, polyure-

.hane compounds were investigated by Hughes Aircraft for moderately high voltage ap-
plications and successfully used in communication satellite equipment. One such
material was CPR 23-8 (8 1bs /£t density) a two-component heat-cured, polyester-
polyurethane foam. 'l‘h1s foam has a closed—cell structure and is cured around the
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v ‘760 wn Hg 5.15 m Hg -
e (a: l_oo 000 feet:)
Flgure 74. —Ionlzatlon voltage curve.
| ~eircuitry 1ns1de of vented metal cans whlch are shielded and protected. A foam den--

sity of 8 1bs/ft? was preferred because of thaximum strength, low density, and easy
removablhty of foam sectlons for repau' purposes.

Examples of ngh Voltage Apphcatmns ;

; A hst of spacecraft built by Hup'hes Alrcraft17 and the voltage and life reqmre-
_ments for thelr power supplies is gwen in Table 46.

~ Evaluation of Rigid Foam M’ateri_,els

o ‘Corona Stai‘ting voltages 'ha_Ve‘b'een detei‘rnined}és a function of pressure in the ap-
_-proximate range ¢f 0,01 to 10.mm Hg. pressure for foam-in-place and syntactic foam

embeddmg r;aterials manufactured by the 3M Company, ¢/ 2 usmg two types of hlgh volt-

age electrodes as listed in Table 47. Reference data for- air- Spaced electrodes weve
‘determined for several electrode geometries, Corona starting voltages fell to values
in the range of 250 to 350 volts.(RMS) at pressures between 0. 2 mm and 2 mm Hg. , ‘
depending on the electrode shape and spacing. T
~ Closed-cell materials markedly raised corona starting levels at low ambient pres-
‘sures. The materials were effective in eliminating corona in the range of 2 kilo-volts,
‘provided that the foam composition and processing resulted in complete void filling.
The dry, pourable, syntactic foams;, such as XR-5068 and especially XPT (which ex-
- pands slightly during cure and thereby shows less tendency to trap air), are particu-
larly effective corona suppressors, in spite of the fact that these materials are porous.
- These foam composmons have neglxgible change in volume daring cure or temperature
cycling ' , : S :



Table 46. —Voltages

" Power Supplies for Satellite Equipment

Syncom 2 GSFC Communication 2 years 700 |

Early Bird COMSAT Communication 1year - 1500

Blue Bird COMSAT Communication (2. 5-3 years) 1500

ATS GSFC Communication -— A 3000

Surveyor ¥ JPL Lunar probe 24 earth days 1200
spacecraft

SERT-Y GSFC Interplanetary Ion 14-day ex- 5000-
engine ' periment 7000

Corona Onset Voltages in Foam l\llatferial's5’l_2\i

Corona and associated harmful effects are possible problems when using a foam
encapsulating resin for insulation at voltages greater than 270 volts in a hard vacuum.
In the critical air pressure region between 60 000 and 310 000 feet, at a voltage above
the critical region voltage of 270 volts, high-voliage breakdown can occur. The dif-
fusion of the blowiag gas out of the individual foam cells may cause the region between
the high-voltage conductors to pass through the critical air pressure range. With -
foam in the path, arcing will not occur, but a partial breakdown or corona could con-
ceivably result in individual foam cells when the conductor separation is large enough.
The result would be to break down cell walls gradually, forming a conductive path be-
tween electrodes.

The Jet Propulsion Laboratory has established parameters and techniques for high
voltage packaging through the critical pressure region and in the high vacuum region.

(1) ~ A plot was made of the corona onset voltage level between fixed conductors as
a function of the pressure. This pressure calibrated corona onset voltage curve was
“obtained by measuring the corona current. The cahbratlon curve indicated a critical
region between 50 and 5 X 10~? torr.

(2) Corona breakdown tendencies were measured on foam samples exposed to a
vacuum of 10~° torr. The pressure calibrated corona onset voltage level was used as
measure of the average gas pressure existing in the foam between the electrodes.

(3) The diffusion behavior of blowing gases in rigid, closed-cell foams was de-
termined because the dielectric sirength of a foam depends markedly on gas pressure.

(4) Voitage endurance tests on a 2-h’ " gjoesnd-cell polyurethane foam (Ecco- -
foam SH) showed the dependence »f e/ * * < -zength on rate of voltage application. 2
This relationship is linear onals- - .  ‘he relationships for correlating failure-
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times to the rate of voltage application and the parameters characterizing foams were
evaluated as a means of predicting long-time high-voltage endurance.

For direct current, breakdown is also dependent on the duration of the applied
field and the geometry, including inter-electrode distance. Generally, breakdown
strength decreases with increasing temperature. The corona currents, measured in
the corona-detection network, were of the order of 107% to 10”7 ampere. An objective
of the corona breakdown study was to determine the ultimate d-c¢ electric strength of
insulating materials. The standard test for electric strength (ASTM-D149) using a-c
potentials and electrodes with rounded edges did not appear to supply sufficiently
meaningful design information for d-c applications.

Corona Tests

Tests were performed on foam samples, with embedded electrodes and exposed “
to a continuous vacuum of 10-° torr. The applied voltage was either 11.8 KV or the
" corona onset voltage, whichever was lower. After several months, work on this
program was inconclusive although Samples 2 and 3 (see below) showed a decreasing
corona onset voltage from the value measured originally at ambient pressure.

Test samples of CPR 23-8 (8 lbs/ft? density) used in this program are shown in
Figure 75. Sample descriptions for the experiments follow:

Sample 1 - 4" x 4" x 2" block with 3/32" diameter, stainless-steel electrodes

inserted in a planar "T" configuration in drilled holes and spaced
1 inch apart at the closest points.

Sample 2 - Split in half through the four-inch sides, with a triangular cavity and
electrodes positioned similar to samples 3 and 4. The two halves
are bonded together with Epon 828/Versamid to make an airtight seal.

Sample 3 - Constructed in a similar manner to Sample 2, except that a Plexiglas
window was bonded to the foam to enable visual observation of the
electrical breakdown.

Sample 4 - Construction same as Samples 1, 2, 3, except that the cavity was ex-
posed to the ambient pressure. Sample 4 was used to obtain the
corona onset voltage calibration curve.

In the tests performed, voltage was applied continuously to Samples 1, 2 and 3

while passing through the critical region.

The effect of corona occurring in the vicinity of an insulation material is to
shorten insulation life (by partial breakdown). The laws governing corona effects
appear to be complex. For a given test setup and method of evaluation, insulation life
is shortened i.pidly as the applied voltage is increased over the corona onset voltage.
The three basic manifestations of damage due to corona effects are:

(1) Electrical—reduction of original V,, and relative dielectric strength.

(2) Physical—surface eruption, erosion, and pitting of the insulator, and eventual
" charring of organic insulations from the heat liberated by the recombination of elec-
trical charges.  The erosion depends on frequency and applied voltage. Cumulative
heating increases at higher frequencies, especially in the megacycle range.

(3) Chemical—These are long-term, volume effects, generally measured by
changes in the power factor.
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Corona damage or "tracking' on the surfaces directly between conductors is due to
contaminants on exposed surfaces. As the surface resistance of an insulator is re-
duced, the leakage current tends to heat up the surface. Visible short arcs can occur
which carbonize organic insulators and leave conducting tracks on the surface.

DIFFUSION OF GASES IN POLYMERIC FOAMS

JPL has investigated the diffusion rates of CO, from rigid, closed-cell foams in
a vacuum. %-25.26,2T Wwhen foams are used as high-voltage encapsulants, their dielec-
tric strengths depend markedly on the gas pressures within the foam cells. JPL
sizovwed that the diffusion behavior of a foam could be described in terms of a single
diffusion coefficient, D. Diffusion rates for carbon dioxide were determined for
closed-cell polyurethane foams of various densities by monitoring, for several weeks,
the weight loss from specimens suspended in a vacuum of 1077 torr. The experimental
data were used to calculate coefficients for the foam materials, which were found to be
of the order of 10-® to 10-° cm?/sec, between 22 and 81°C.

From theoretical considerations the following equation was derived:

RT O
D=3 ?ﬁ-qf-Pe
where Pg is the permeation constant for the polymeric material; p and 0j, the foam
and polymer densities, respectively; R is the gas constant; T, the temperature; and
M the molecular weight of the gas. Coefficients are calculated from P, data by the
above equation. Good agreement was obtained between calculated and experimentally
determined D values.

One of the relationships derived from the mathematical analysis of the diffusion
equations for polymeric foams was that the diffusion constant (D) is inversely propor-
tional to the foam density and can be represented simply as D =K/p. Using the diffu-
sion coefficients for 4.5 and 6.4 1b/ft? Eccofoam FPH foams, this equation becomes,
for Eccofoam FPH polyurethane foam:

.9 X 1078
D (cm2/sec) = W

The polymer foams investigated are listed in Table 48. Weight-loss curves for
polymer foams 4, 5 and 6 are shown in Figure 76.

Figure 76 is a normalized plot of Q/Q. versus time at 10~ torr for all three
Eccofoam FPH foams, where Q =weight loss in mgm for a 3-inch diameter x 1 inch-
thick specimen, and Q« is the calculated total CO, content of the foam.

Temperature Dependence

Outgassing rates for an Eccofoam FPH/12/6H foam of 4.5 lb/ft® density were de-
termined at 22, 41, 61 and 81°C. Temperature dependence of the outgassing rate is
presented in Figure 77, which shows weight loss both in air and in vacuum with zero
time taken as the point when vacuum was applied. Above 61°C, the changes in rate of
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Table 48. —Polymer Foams for Diffusion Rate Studies

Material Type Density 1b/ft?
1. Eccosil 5000 Syntactic silicone 30
2. Eccofcam SH CO,-blown polyurethane slab stock 7.6
3. Stycast 1090 Syntactic epoxy 48.8
4. Eccofoam FPH/12/2H COy-blown polyurethane foam-in- 2.1
place _
5. Eccofoam FPH/12/6H | CO,-blown polyurethane foam-in- 4.5
place
6. Eccofoara FPH/12/6H COy-blown polyurethane foam-in- 6.4
place
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F1gure 77. —Temperature dependence of the outgassing rate for an eccofoam
FPH/12/6H foam of density 4.5 1b/ft® "

gas removal are small. Using the value Qw = 194 mg. (which appears to be also the
weight loss asymptote), it is seen that the Eccofoam has lost approximately 97. 5 per-
cent of its gas content in 180 hours at 61°C and higher, whereas only 57 percent of
the gas content was lost in 180 hours at 22°C.
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Chapter VII

FOAM MATERIALS FOR HUMAN PROTECTION

PERSPECTIVE

Aerospace technology has posed vibration-isolation and impact-protection pxrob-
lems. One is the protection of crew members during normal and emergency environ-
ments without interfering with crew performance. The appl_ication of foam materials
for crew comfort and safety required new concepts in mechanical design, fabrication
techniques to produce intricate shapes and conformal designs, and performance test-
ing with human subjects and anthropomorphic dummies.

Two types of mechanical loading action can affect personnel in space missions:

(1) inertial loading (acceleration) and (2) surface loading (or stress) due to equilibrium
with the inertial effects. Protection from acceleration involves high loading rates
such as those occurring in landing impacts. Surface and inertial loading pertain to
personnel comfort and survival.

Polyurethane foams are used for impact attenuation protection and comiort in
astronaut helmet liners.! Plastic foams have been developed for prototype conformal
couches and restraint pads in a support and restraint system. The design, fabrication
and testing of a prototype Pilot Universal Couch for acceleration, vibration and shock
has been reported.? This prototype was a soft—cushmned contoured couch with a hlghly
damped system in shock deceleration.

In a space-suit helmet, a rigid nonresilient foam would be desirable to attenuate
high impact energy. To provide comfort us 2 cushion, afiexible foam is preferred
since it undergoes gradual and continuous compression and deflection. Under severe
loading or shock conditions, a resilient foam ten’i to "hotiom, " limiting its usefulness.

Required shapes are produced by molding of praforms or foaming-in-place te:h-
niques. Pads or stop forms are ordinarily mads by cutting and trimming stock sizes.
An individually sized helmet liner for the Mercur;, and Gemini programs was con-
structed in two principal steps: (1) preparing a silicone cast of the liner, and (2) trans-
posing the cast to a mold in which a polyurethane foam liner is formed in the required
head shape.

PROTECTION APPLICATIONS

Design with foam materials requires the resolution of conflicting material require-
ments for the man-environment interface. 3 The soft, flexible materials that reduce
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fatigue are inadequate for high-stress conditions, whereas high-strength rigid struc-
tural materials do not deflect sufficiently to provide comfort or relief from fatigue.

So a soft, pliable foam is combined with more rigid contour materials. For some
seat restraint systems the contours for each individual have been adjusted by means of
stretchable materials, such as nylon Raschel net.

The principle of the contoured, rigid, protective foam and soft foam comfort liner,
developed for the Mercury space-suit helmet, has been generally accepted. The Apollo
"Bubble'" type helmet developed by the Crew System Division of NASA Manned Space
Center has three foam protection pads molded to fit on the inside and outside of the
back of the helmet. The foam protects the head against buffeting, vibration, and im-
pact during launch and re-entry. An exterior and interior foam pad are removable
during flight, leaving one permanent liner on the inside of the helmet.

Foam materials meet vibration and acceleration (G)* loading requirements, but
appear to be limited in handling landing impact shock. Crew couch-restraint systems
have been designed without foam materials. The couch cushioning for the Mercury
capsule was made of fiberglass enclosed in a continuous plastic covering. During de-
velopment work on the restraint system for Project Mercury, a NOPCO urethane foam
was used in the couch, which was precisely molded to the body contour. The foam
maintained originai body contours, even nnder high G loads. The subject of restraint
systems is beyond the scope of this text.

~ Some materials have other disadvantages due to their modes of energy absorp-
tion. Thus, excessive rebound increases the strain on personnel while "bottoming"
limits the energy absorption.

MATERIAL PROPERTIES FOR IMPACT AND VIBRATION ISOLA'[‘ION

A fundamental group of properties governing the classification of foam materials
in cushioning applications is the manner in which energy is stored, transmitted, ab-
sorbed, and dissipated.

Foam materials for cushioning applications may be classified as either of two

“types: (1) elastic (flexibie or resilient) and (2) nonelastic (rigid or crushable). Elas-

tic cushions withstand repeated shock and vibration; crushable cushions are also used.
Typical static and dynamic properties of polyurethane foam cushioning materials are
illustrated in Figures 78 to 87.°

Exclusive of thermal characteristics, the properties of greatest significance for
shock isolation are: (1) compression stress versus strain, (2) maximum acceleration
versus static stress, and (3) creep or strain versus time. _

The characteristics of different foam materials for comfort cushioning applica-
tions can be illustrated by the compressive resilience for 2 1b/ft® flexible polyether and
polyester foams in Figures 88 and 89.° Resilience is a measure of the rate at which
load and thickness are recovered after deflection, under slow loading and unloading

*G is the unit used for physiological acceleration defined as the total reactive force
divided by the body mass.
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. conditions. Compressive resilience is a dimensionless energy term and is defined as
the percent ratio, (area under the unloading curve/area under loading curve) x 100.
The hysteresis loop also shows relative behavior; the smaller hysteresis loop of a
polyether foam characterizes it as more resilient.

The curves for static stress versus strain or compression versus deflectlon in
Figures 88 and 89 show a non-linear behavior with three distinet loading reglons.
These are: (1) the initial steep rise or linear loading, (2) the plateau region where
relatively uniform loading distribution prevails, and (8) the final steep rise where the
stress or loading increases rapidly with change in deflection. In region (1), kinetic
energy is stored as potential energy by resilient deformation, providing comfort.
Region (3), which represents a rapid rate of rise of force input into the material, may
mean an excessive accelerational force area to be protected. This effect limits the
use of currently known flexible foams for shock attenuation, as compared to a rigid
crushable foam.

Rationale for Maximum Force Attenuation

An idealized representation of the behavior of resilient (energy-storing) versus
nonresilient (energy-dissipating) materials under compression is shown in Figure 90.7
In resilient compression, the restoring force varies linearly with displacement as in
line AB, and the stored energy is measured by the area of triangle ABG. For equal
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kinetic energy, if a material could be compressed at a constant force expressed by
line DF, with conversion of the kinetic energy into nonzrecoverable work (measured
by rectangle ADFG), the maximum force would be only half that developed during
resilient compression and there would be negligible rebound. This principle has
been applied in development protective headgear.

A desirable material would exhibit, under compression loading, a stress-strain
diagram similar to Figure 91. This curve, for a rigid, crushahle foam, is charac-
terized by: (1) a maximum permissible strain of approximately 80 percent and (2)
conversion of input energy into nonrecoverable work due to permanent deformation.

An ideal material for shock protection would exhibit a similar stress-straian
diagram but would undergo an even greater range of percentage >ompression and
would not be permanently deformed. Such a material recovers its shape after defor-
mation (without fracture) in a moderate period of time.. Such damping would mini-
mize rebound. However, the time between 1mpacts may be brief enough to limit the
use of a material with slow recovery.

"Bottoming" which occurs in nonrigid foams, refers to a compression for which
no further material displacement occurs.

Rigid foams have excellent impact and shock absorption characteristics, but ap-
pear to have limits for high impact loading (high G) when measured against allowable
human response. Orientation of loads on landing is approximately 20 G in the Z di-
rection (longest axis) and 100 G in the X and Y directions (lateral or transverse axes). 8
G is defined as the ratio of acceleration force/gravitational force. Desirably, values
+Gy, +Gy, +Gy greater than 100 G, or associated impact forces, would be accommo-
dated by energy attenuation in a properly restrained system.
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PROTECTIVE HELMET TECHNOLOGY

Effects of Shock and Vibration

A statistical survey of mishaps related to high velocity impacts on the body indi-
cates the importance of head protection. Actually, the head can withstand a relatively
high, long duration impact acceleration, compared to the body. But since its natural
frequency is higher than the rest of the body, it cannot tolerate as high a velocity
change. The response of the head to a blow is a function of the velocity change and the
duration and area of impact. Based on pendulum tests, head velocity change should be
kept at less than 10 feet per second.

The ability of a helmet to absorb kinetic energy has been determined in a test
program by International Latex Corporation. The helmet was made to collide with an
immovable object and the incident and rebound velocities were determined. ?

Behavioral abnormality such as disturbance of visual acuity, arising from body
vibrations, is dependent on both the frequency and amplitude of vibration. The head's

C iR
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natural frequency is approximately 30 cps, whereas the body's natural frequency is in
the range of 4 to 8 cps. When vibrated ina longitudinal direction, for example, the
head exhibits a mechanical resonance between 20 and 30 cps. In this vibration range,
the head displacement amplitude can exceed the shoulder amplitude by an acceleration
ratio (transmissibility ratio) of 3.0 to 3.5, with a loss of visual acuity.® The above
effect would be illustrated in a plot of acceleration ratio versus frequency (cps) of
longitudinal vertical vibration applied to a seated human. Above a frequency of 10
cps, vibration displacement amplitudes of the head are larger than the amplitudes of
the exciting force (in this case an exciting table).

Vibration Protection

In general, vibrations of high amplitudes and low frequencies are dangerous for
the entire body s'.\ystem. Vibration protection is normally provided within the initial
deflection of the attenuation system. This portion of the attenuation system should be
critically damped. The effective natural frequencies for flexible foam liner material
are usually in the range of 8 to 12 cps, with initial deflections of 0.25 to 0.38 inch.

Impact Protection

Impact protection is provided the helmet by an acceleration attenuation system
such as plastic foam, a deformable strap suspension, or a combination of both. Ac-
celeration protection provided over particular segments is a function of the fragility
of that segment and the likelihood of impact.

Impact phenomena are inherently of short duration. As stress pattern changes
occur, energy is stored or reieased as a deformation of the elastic elements. Peak
values depend on the ways in which the mechanical protection system transmits or
accepts energy.

Principles in Protection Against Head Injury

A fundamental rule in preventing head injury is to minimize the amount of trans-
mitted energy, which can be done in the following ways:

(1) Use a hard, smooth surface for the helmet shell to direct a projectile par-
ticle, such as a micrometeorite, away from the head by an elastic collision. This
will also help prevent helmet penetration by the sharp points of the impacting
particles. '

(2) Absorb and attenuate the energy of impact by the use of appropriate mater-
ials to reduce the level of acceleration, the rate of acceleration, and the amount of
energy transmitted. Storage of energy alone does not materially decrease the energy
transmitted.

Studies of materials for controlled impact energy absorption, helmet sizing, and
comfort have included cork, nylon webbing, rigid foamed plastic epoxy spheres, flex-
ible foam, and stretch fabrics.
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Rationale for Shock-Absorbent Foam Material Design !

Design of foams for impact protection is based on their value in an acceleration
attenuation system. Such a system is required to provide the optimum dynamic
mechanical response as well as protection to the adjacent human segments.,

The fragility of an item is defined by the peak acceleration it can withstand.
Fragility is expressed as a dimensioaless ratio defined as acceleration of force
environment/acceleration due to gravity (g - 32.2 ft/sec?). The term "fragility" is
thus a quantitative index of the capability of an item to withstand shock and vibration
and connotes a maximum permissible acceleration. Fragility is commonly deter-
mined by drop-test machines, hydraulic shock tests, and pendulum impact machines.

The basic system for a crushable (rigid) foam cushion for single impacts can be
represented by the schematic shown in Figure 92. When the system is impulsively
loaded, the helmet shell experiences a velocity change in a time very small com-
pared to the duration of the response. The dynamic response characteristics of the
head depend on the characteristics of the crushable liner, which are expressed by the
coefficients which appear in the stress laws for the material, and the following sys-
tem variables: '

m =mass of the head
v =velocity change of the helmet case
A =characteristic area of the head along the direction of the forcing function
t =duration '
h =characteristic thickness of the linear
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The design factors applicable to this system model are (a) the shock environment;
namely, maximum G loading and rate of change of acceleration or loading pulse; (b)
fragility index of the system; (¢) maximum acceleration versus static stress for a
given material and thickness; (d) static stress versus strain curve for the applicable
material to determine the static deflection; (e) creep properties to make allowance for
any loss in thickness during storage.

An equation governing the acceleration, (a) of the packaged item with a given
cushioning material can be nondimensionally represented by the following relation

v

a- __{mv? )
v2/2h f (EA'H’ b D

This equation was derived in a study on Package Cushioning. Equation (1) lends itself
to optimization of the dynamic response characteristics of the system. It may also
be used to establish an index similar to the fragility index employed in package
cushioning analysis. '

Illustration of the impact attenuation provided by an energy absorber may be pre-

sented by typical energy profiles and the stress-strain relation for an energy absorber

as shown in Figures 93 and 94, respectively.

: TYPICAL ACCELERATION PULSE
FORCE ﬁ . _~"TO HELMET

ACCELERATION
TRANSMITTED TO HEAD

e
TIME
Figure 93. —Energy profile.

s STRAIN
Figure 94. —Stress-strain relation for an energy absorber.
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Equations for this system can be written as
Vvl =2G S (2)
S = emH (3)

where
V is the inipact velocity
G is the acceleration transmitted to the head
S is the stopping distance
€ém 1is the maximum permissible strain
H is the cushion compression
Eliminating S.from equations (2) and (3), one obtains

2
=LY (4)

emZG

Equation (4) govérns the relation between the compression, the impact velocity force,
and permissible strain. The mass term (m), which does not appear in Equation (2),
can be derived from the energy equation, 1/2 mV? =m G 8.

In reference to Figure 93, the object of the crushable material is to reduce the
maximum G of the acceleration pulse. When inadequate attenuation is provided, the
maximum G transmitted can exceed the tolerance limit (indicated by the fragility in-
dex). The Gpaximum ©2n be reduced to an acceptable limit, shown by the horizontal
line, by selecting a material and thickness cross-section which absorbs the energy
transmitted by extending the pulse time.

Sample Calculation for Crushable Foam Thickness

Assumptions
" 1) The limiting velocity of head motion is 10 ft/second
2) The head mass is 11.4 lbs.
3) The stopping distance of the head mass is approximately equal to the
cushion compression
" 4) ¢p =0.8and G= 100
From equation (4)

2 ?) £12 /sec?
H (inches) = 1 .V _ (10% ft*/sec

°C X =4. 3
. ' 2G ~U.§X2 X 100 X 32 ft/sect | 12 = 0234 inches

to provide a safety factor» of 2, approximately a 0.5 inch thickness won.ﬂ.d be empioyed.

Vibration Isolation

For vibration isolation of systems having a single degree of freedom, the most
effective isolator is the soft cushion. The material frequency of the protected system
on the cushioning medium must be low in comparison to the frequency of vibration to ‘
be withstood. This is illusfrated by a log-log plot of transmissibility as a function of DA
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the forcing frequency/material frequency ratio (Figure 95) and by a plot of force trans-
missibility for various damping ratios, § = c/cc (Figure 96). 5 Where

damping

critical damping ratio

c/eg =

In Figure 95 one will note that for the high values of W/Wy, the transmissibility is
small, where W = forcing frequency and W, =natural ‘freduency. Transmissibility is
the ratio of the transmitted force (Fr) to the exciting foroce (Fg), or the ratio of trans-
mitted displacement of forcing displacement.

Transmissibility-versus-frequency curves indicate that the transmissibility is
less than unity for W/Wy > /2, establishing the governing condition for vibration iso-
lation. The curves alsc indicate that an undamped spring is superior to a damped
spring in reducing the transmicaibility; dampmg is necessary when the frequency
passes through the resonant region. i

In helmet designs, critical damping (cc) is desirable for completely damped os-
cillatory motion (§ = 1). Critical dampmg 1s attained when the point is reached where
oscillatory motion just ceases. i
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APPLICATIONS OF URETHANE FOAMS TO HELMET DESIGN

Urethane foam materials have been eva_;luated and used for the design of astronaut
helmet liners. The object was to produce a custom fit providing both comfort and
protection,

For severe impact loading, designs ha?e been based on: (1) load/compression
curves adapted to dissipation of high impact energy whi!  rushing under impact
forces; (2) high human-head tolerance to applied forces, 11 these are evenly distributed
and stress concentrations are essentially absent.

About 1960, Nopcofoam Type E-304 was applied (by Protection, Inc.) to custom
fit an astronaut's head inside of a helmet shell. E-304 fosm, a crushable, rigid foam,
acted as a force spreading member. An impression of a man's head was converted to
a plaster replica, followed by a process to conform to the replica.

Project Mercury Helmet Liners

In the first stage of helmet-desi~n, impact protection was limited because an
energy-absorbing protective liner was not included. One early concept featured a
suspension of nylon webbing anchored to a reinforced fiberglass shell. Nylon was not
suitable for side-loading, although it was apparently satisfactory for the top of the
head.

In 1962, B. F, Goodrich Aerospace and Defense Products -lelivered tc NASA
under contrac ., ten individually sized helmet liners, six semi-universal helmet liners,
and one Mercury helmet. ! The helmet liners were fabricated from semi-closed-cell,
polyurethane foam (Nopco Lockfoam F-506-C). The liners included a one-quarter inch
flexible, open-cell polyurethane foam (Nopco Lockfoam Type UU-34) as a comfort
liner.
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Fabrication of Polyurethare Foam Helmet Liner Head Casts

In making the head cast, an aviator's type inner liner, made from one-quarter-
inch neoprene sponge, is placed on the subject's head while making the cast (Figure
97a). The outer casting shell is fabricated from a Mercury helmet with provision for
separation at the center line for removal of the cast (Figure 97h). The gap is filled
by pouring catalyzed Silastic RTV 502 casting material through the opening at the top
center of the shell (Figure 97c¢). Both sponge liner and shell are tied down under the
subject's chin. The Silastic cures in 15 minutes to a hardened elastomer that is
flexible and easily removed. The low exotherm heat does not cause discomfort. The
silicone cast is then removed from the head and helmet and stripped from the sponge
liner (Figures 97d through 98c). Thus a pattern of the foam liner is produced, with
allowance for a one-quarter-inch comfort liner.

Liner Mold and Sizing Plugs

The female half of the liner mold starts with a Mercury helmet shell, its lip cut
to a predetermined line. This outer shell is placed in a container and enclosed with
epoxy-fiberglass mixture (Figure 98d) to form a hard, compact mold half. The sili-
cone cast is then placed in the female mold, held firmly, and trimmed around the
outer edge to fit. The mold and cast are encased in a wooden container (Figure 98e),
which extends two inches above mold top, then filled with molding plaster. After
forming a plaster plug, the cast and plug are dried for 48 hours at 125°F. The plug is
sanded and waxed before use.

Five vent holes, drilled at the highest points of the female of the mold, allow the
excess urethane foam te escape and vent internally generated gasses. - A ridge across
the tep of the mold forms a recess for communication leads, and patches on the mold
form recesses for Velcro tape segments which hold the liner in the shell.

Urethane Liners

Before casting, both mold halves are waxed and allowed to dry. The urethane
poiymer and catalyst are thoroughly blended (about 1 minute); when a white foam starts
to appear, the mixture is poured intothe mold. The mold is closed, secured with a
steel framework and allowed to foam for one and one-half hours before removing the
foamed iiner. (Figure 98f.) '

Processing Technique

Nopcofoam F-506 is a two-part system, a polyester polyurethane prepolymer
component and a catalyst component which also contains water to react with isocyanate
groups and thereby provide the CO, blowing agent. Nopcofoam F-506 is a "flexible"
semi-closed cell foam with approximately 45 percent closed cells.

In foam technology, the term "flexible" may be somewhat misleading. The load
bearing characteristics of a foam can vary widely with density, the average density
may not be the same 2s the core density. Mechanical strength properties increase
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with increasing density. A range of overall densities from 4. 0 to 1. 0 lbs/ft® and higher
can be produced with Nopcofoam F-506.

The helmet liner may have an overall density of about 10 lbs/ft® and a nominal
thickness of one inch. ? Thickness varies with head size. The density of the molded-
in-place foam increases from core to outer surfaces.

The stress/strain loading ard unloading curves were obtained on 2" x 2" x 1"
thick specimens in an Instron Tester at a crosshead speed of 2 inches per minute. 12
Under these conditions the mechanical characteristics are:

(1) About 75 psi static stress at the "knee" of the curve just prior to rapid load-
ing. This point corresponds to approximately 75 percent deflection. The stress far
surpasses the value obtainable for a 6-1b /5t density (about 7 psi).

(2) The curve for a first and second loading shows good hysteresis and energy
absorption characteristics.

Impact loading measurements with force inputs of one to ten m1111seconds dura-
tion would be required to evaluate against the expected performance.

(Curing)—The helmet foamed liners, after forming, are cured in an oven for 3
hours at 170°F to remove all odors, and to stabilize the mechanical properties.

(Molding Accuracy)—Accuracy in molding is +1/16 inch on each dimension. Any
shrinkage distortion is related to the shape being made.

(Comfort Layer)—A 1/4 inch Scottfoam open-cell comfort liner is cemented to the
helmet liner and trimmed to contoux. A preformed, soft leather liner is positioned
over the comfort liner and cemented in place around the periphery of the foam liner.
The comfort layer compensates for variations in fit.

(Attachment in Helmet)— Velcro tapes are cemented in the recess on the outside of
the liner, and matched inside the helmet to secure the liner.

Project Gemini Helmet Liners

Gemini helmet liner work has been performed urder NASA Contract 9-1252. The
techniques of molding urethane foam shapes were similar to those for Mercury liners.
The outer surface of the helmet liner had molded channels as a distributing ductwork
for ventilation.

Project Apollo Helmet Liners

New applications of foam helmet liners or protection pads are found in the Apollo
"Bubble' type helmet developed by the Crew Systems Division of NASA Manned Space
Flight Center. This helmet design has improved comfort and peripheral vision. The
polycarbonate plastic shell has exeelient impact resistance and transparency.*

Three different foam sections provide impact protection. One is permanently
mounted inside the helmet and there are two removable foam liner sections (Figure 99)
They are used in the following manner:

(Permanent Foam Section)—At the rear of the shell, the shock-resistant foam has
channels to distribute gas for breathing and defogging. It provides protection against
slight impacts.

(Removable Interior Section)--This is a preformed, slightly resﬂlent bump cap
which can be inserted to hold the wearer's head in a relatively stationary position with
respect to the shell during periods of potential severe impact.
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(Removable Exterior Section)—This consists of an external impact pad which can
be removably secured on the rear exterior of the shell during severe impact periods.
This increases protection without requiring a larger helmet shell.

SUPPORT RESTRAINT MATERIALS

Support-restraint systems must offer:

(1) comfort during extended periods of occupancy

(2) optimum fit for a wide range of crew sizes

(3) maximum protection against impact and vibration

(4) minimum restriction on movement

Researchers have invesiigated dilatant materials, paramagnetic particles in vis-
cous solutions, fluids, nylon Raschel :ets, wire screens, plastic foams, microbal-
loons, foam-in-place materials, three-dimensional fabrics, and wire-reinforced nylon
webbing.

Principles for Support-Restraint Design

If resilient or elastic support and restraints cause excessive rebound they can be
replaced by rigid, nonresilient materials. Distribution of pressure uniformly over the
entire body by suitable contouring tends to reduce the applied pressure and therefore
minimize the tendency to damage the human tissue under impact on high acceleration
loading. ' " '

An elastic foam liner (comfort layer) is of a thickness and compressive strength to
attenuate vibration without any appreciable elastic rebound during impact accelerations.
Polyurethane foam with reduced resiliency and a 3-1b/ft® density in 1/4 inch to 1/2 inch
thickness has bean evaluated for this purpose. The foam is precision molded to the
body contours.

Restraint pads are used for restraining parts which are difficult to handle by other
methods; e.g., the hips and knees. Pads are usually made of polyurethane foam or
microballoons and are used in connection with restraint, particularly from lateral
loads.

In the universal integrated couch-restraint system, 13 the back pan and seat pan
are covered with a comfort cushion of foam rubber. Shoulder restraint is lined with
foam rubber.

In the design and fabrication of a microballoon body, 4 the head is supported within
a contoured shell by a layer of polyurethane foam one inch thick. The arms are re-
strained by fiberglass lined with 1/2-inch polyurethane foam. The lower legs are re-
strained by fiberglass molded to approximate the leg contour and lined with 1/2-inch
polyurethane foam.

In the personnel restraint system for advanced manned flight vehicles, the seat
pan is a flat surface covered with Liquifoam, This is made by encasing open-cell
polyurethane foam in a liquid-tight liner which is, in turn, encased in a structural
liner. The assembly is completely saturated with water. The Liquifoam surface is
comfortable for normal operations but presents a hard contoured surface at impact.
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